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Chapter 1. General Introduction
1.1 Summary
This chapter illustrates the concept of exploiting multicomponent catalysts, which combine
the properties of chemically diverse materials, to achieve enhanced catalytic performance and
chemical stability in heterogenous catalytic processes. The chapter starts with a brief introduction
to catalysis and its impact on industrial chemical processes. A detailed discussion regarding types
of catalysts in chemical and fuel production is provided. The advantages and drawbacks with the
design of current heterogeneous catalysts are summarized and approaches for designing improved
heterogenous catalysts are discussed. The chapter concludes by proposing approaches to enhance
activity, selectivity, and stability of heterogeneous catalysts, via designing the 3-dimensional (3D)
environment of the catalytically active surface sites by means of “inverted” catalytic systems or
modification through surface bound ligands.

1

1.2 Catalysis: Introduction and Application
Human activities of utilizing catalysts can be dated back to the production of alcohol by
fermentation; however, these observations were not systematically studied until Jons Jacob
Berzelius, who classified them as catalysts in 18351,2. Since then, catalysts, regardless of their
state of matter (gases, liquids, or solids), have been playing an important role in processes related
to chemical and fuel industries, including crude oil processing, pharmaceutical production, and
pollution mediation. Catalytic processes are chemical processes, which involve the use of catalysts
to creating new and elegant routes that allow reactants to interact in the most efficient way to
produce the desired products. In addition to the large application of catalytic processes in the last
200 years, our understanding of these processes has also significantly evolved.
Catalytic processes are often classified according to the state of matter of the catalyst, in
which: (i) heterogeneous catalytic reaction involve catalysts in solid state while the reactants are
gases or liquids; while (ii) homogeneous catalytic reaction involve molecular catalysts generally
uniformly dispersed with reactants in gas or liquid phase. Compared to heterogeneous catalysts,
homogeneous catalysts exhibit well-defined reaction sites with a high degree of dispersion leading
to high activity per unit mass. Limited artifacts from diffusion processes in homogenous reactions
provide a clear path toward understanding reaction mechanisms, that can guide tuning
activity/selectivity toward desired products. However, homogeneous catalysts suffer from several
limitations, including: (i) challenges with separating the catalyst from reactants and products; and
(ii) the reaction conditions are limited to temperatures no higher than 200 °C because of the poor
thermal stability of molecular catalysts (i.e., organometallic complexes in the liquid phase). These

2

challenges have led to large utility of heterogeneous catalysts in chemical and fuel industries
(approaching 90%), despite tradeoffs in activity and selectivity.
Due to the wide application and large market share of heterogeneous catalysts, it is essential
to exert all the effort and resources to study the catalytic mechanisms and the reaction sites on
heterogenous catalysts to develop highly active and selective heterogeneous catalysts with longterm stability. In general, the mechanisms of a heterogeneously surface catalyzed reaction can be
simplified into three steps: (i) adsorption of the reactants on the surface of catalyst; (ii) chemical
reaction on the catalyst surface; and (iii) desorption of the products from the catalyst surface. Even
though the diffusion processes associated with reactants and products approaching and leaving the
catalyst surface, respectively, are quite important in heterogeneous catalytic reactions (especially
for porous catalysts), catalysts are designed such that diffusion processes are much more facile
than the surface reactions, such that chemical reactivity can be controlled by tuning the energetics
of these surface reactions.
Since heterogeneous catalytic reactions occur on the catalyst surfaces, one of the
approaches to improve the activity of catalyst per unit mass in heterogeneous catalysis is
maximizing the effective surface area of the catalyst. The development of nanoscience and
nanotechnology in the recent two decades has significantly assisted with improved heterogeneous
catalyst design3,4. The size-reduction lithography has greatly increased catalytic activity; however,
selectivity remains a major problem. Criteria for designing highly performing heterogeneous
catalysts, include: (i) enhancing the number of catalytically active surface sites to improve catalytic
activity per unit mass; along with (ii) eliminating sites for undesired side reactions to increase
catalytic selectivity.

3

1.3 Heterogeneous Catalysts: Summary and Rational Design
The general classification of heterogeneous catalysts was first proposed by Thomas5 and
later exemplified by Vaccari6 as: (i) bulk catalysts (or atoms in the bulk), referring to the catalysts
with spatially uniform distribution of structurally equivalent active sites in a monophasic solid,
such as Zeolite ZSM-5 (Mobil-Badger process), La3+ exchanged Zeolite Y (cracking and
hydrocracking of gas oil), and Bi2MoO6 (selective oxidation of propene to acrolein); and (ii)
supported catalysts, consisting of an active phase dispersed on a carrier, such as cobalt on a variety
of supports (Fischer-Tropsch reaction), nickel on Al2O3 (methanation reaction), and
rhodium/platinum/palladium on CeO2 and cordierite (catalytic converter). The relative preparation
methods for the two types of catalysts are distinct. For the bulk catalysts, the catalytic active
phases are generated via precipitation or sol-gel methods usually followed by heat treatment to
achieve preferred crystalline structures, while the active phases in supported catalysts are
introduced or fixed on a pre-existing solid by proper processes, which intrinsically depend on the
support surfaces.
Due to the different characteristics of the two types of catalysts, the approaches for
developing novel catalysts are also diverse. One approach used in bulk catalyst design involves
exploiting single site heterogeneous catalysts (SSHC), where different types of molecular metals
(such as La, W, and Re) are grafted onto various materials (such as zeolite, silica) in their
controlled crystalline structures7–9. The number of Lewis acid sites, Bronsted acid sites and redox
properties of the materials are tuned to achieve enhanced catalytic performance. Another example
is the development of metal-organic frameworks (MOFs) or porous coordination polymers, which
are crystalline porous materials with the metal ions (the catalytically active sites) acting as lattice
nodes and rigid multipodal organic linkers10.
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On the other hand, the approaches of designing high performance supported catalysts are
more complex due to the multicomponent nature of the structures and therefore they involve
multistep preparation. The-state-of-the-art catalysts are metal nanoparticles (NPs) dispersed on
various types of metal oxide supports, which play an important role in many industrial catalytic
processes. These catalytic systems benefit from (i) the use of inexpensive oxides as carriers for
precious metal NPs by maximizing the active surface area at low metal loading, and (ii) the
potential catalytic activity of the oxide itself or the metal−metal oxide interface that can result in
enhanced performance. Extensive research has shown that the interface between metals and metal
oxides can provide unique active sites that exploit the distinct properties of the two types of
materials, which is critical in developing the next generation of highly active and selective
catalysts11–14.

However current methods (i.e., wet impregnation or incipient wetness) for

synthesizing supported catalytic systems provide limited control over the metal particle size and
distribution on the support and often lead to coarsening of the metal particles under reaction
conditions. The limited control during synthesis results in limited regulation over the tunability of
the metal/oxide interface making it challenging in most cases to properly exploit the catalytic
properties of these interfaces.
One way to enhance the metal/metal oxide interfaces is to synthesize “inverted” systems
(Figure 1.1), in which metal oxide films are deposited on top of metallic substrates15–19. The
“inverted” systems are attractive for several reasons: (i) they offer the potential for an increased
density of metal−metal oxide interfacial sites that completely surround the metal particles20; (ii)
encapsulation with metal oxides can potentially improve the chemical and thermal stability of
small metal NPs18–21; and (iii) they provide spatially regulated delivery of reactants to the
interfacial sites22. While several methods have been reported for achieving such inverted catalytic
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structures, most of them involve thermal treatment to obtain the desired metal@metal-oxide
structure. One class of methods involves thin-film deposition techniques such as atomic layer
deposition (ALD) to modify supported catalysts23. Film thickness is commonly controlled by
adjusting the number of ALD cycles, and porosity is generally induced through post-synthetic
thermal processing. This approach has been successfully used to modify catalysts for enhanced
lifetime, reduced coking, and, in some cases, to alter selectivity15,21,24. While promising, thin-film
deposition techniques tend to preferentially nucleate on the metal oxide (rather than metal)
components of the surface24, and the high-temperature treatment needed during or after synthesis
may cause undesired alterations of the metal−metal oxide structure. Solution-phase methods have
also been reported for synthesizing inverted metal@metal oxide structures17,25. Some challenges
with these methods include (i) the large lattice mismatch between metal and metal oxide crystal
structures hindering proper encapsulation, and (ii) the poor control over the synthesis of reducible
metal oxide films, such as TiO2 and CeO2, because of the highly reactive nature of the precursors.
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Figure 1.1. Scheme of the proposed approaches to tune the 3D environment of metal sites using:
(a) “inverted” catalytic systems characterized by metal NPs encapsulated in a porous oxide film,
and (b) catalyst surface modification via surface bound ligands.

Another approach in tuning the catalytic activity and selectivity of supported metal NPs is
to engineer the 3D environment of the metal sites through surface bound ligands (Figure 1.1).
This has been recently demonstrated through self-assembled monolayers (SAMs) of thiol-type
ligands on metal surfaces such as Pd26. While this approach has been successful in controlling the
activity and selectivity in many reactions, challenges can arise from (i) strong binding of the thiols
to the metal surface that could affect catalytic activity of the metal sites and (ii) the limitation on
the use of ligands that can form SAMs on particular metal surfaces.
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1.4 Scope of the Thesis
In this thesis dissertation, two approaches for designing heterogenous catalysts will be
discussed and illustrated using different probe reaction systems. The first approach involves the
use of modified two-step “seeded growth” methodology, which is proposed to overcome issues in
fabricating “inverted” catalyst where metal NPs are encapsulated in a porous metal oxide film
(Chapters 3-4). The method involves synthesis of the metal NPs and the metal oxide film
separately in order to achieve control over the final encapsulated structure. Specifically, a layer
of ligand or surfactant molecules is introduced to the surface of metal NPs prior to encapsulation,
to reduce the large interfacial energy between the metal NP and the metal oxide film, while also
facilitating their dispersion and minimizing their aggregation prior to encapsulation.

The

controlled solution-based synthesis method is demonstrated through a probe structure, Pd NPs
encapsulated in porous TiO2 film in this Thesis. Noble metals supported on reducible metal oxides,
such as Pd-TiO2, have shown to exhibit significant potential for interfacial catalysis in numerous
reactions, including hydrodeoxygenation27,28, selective hydrogenation29, and CO oxidation30,31.
In Chapter 3, the synthesis parameters that control key structural characteristics of the
“inverted” systems that affect catalytic performance is discussed in detail32. The study involves
the investigation of key synthesis parameters on the properties of the encapsulated structures, such
as: (i) the size and size distribution of Pd NPs achieved by tuning the temperature and
concentrations of the reducing/surface stabilizing agents, (ii) the role of the interfacial ligand and
the effect of the ligand concentrations on the encapsulated structures, and (iii) key synthesis
parameters (i.e., solvent, initiator, pH, and interfacial ligand) on the physical properties of the TiO2
films (such as crystallinity and porosity) as well as the final structure.
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Chapter 4 discusses the catalytic activity, selectivity and stability of “inverted” catalytic
structures toward various reactions, such as hydrodeoxygenation (HDO) reaction of furfural
alcohol27 and isomerization of 1-hexene32. Selective HDO reaction of alcohol/aldehydes with
aromatic substituents plays an important role in production of fuels and chemicals from
biomass33,34. While the mechanism for interfacial reactivity is under debate, reducible metal
oxides (e.g. TiO2, CeO2) have been suggested to provide deoxygenation sites, while the noble
metals (e.g. Pd, Ru) provide hydrogenation sites35–39. In this study, it is shown that the “inverted”
structures significantly enhance catalytic performance in HDO reaction due to the enhanced
interaction between the metal and metal oxide. Moreover, the TiO2 with confined porosity leads
to favorable adsorption orientations of the reactants on the active sites (Figure 1.2)27. The hydroisomerization of 1-hexene is used as a simple probe reaction to evaluate the sensitivity of the
activity and selectivity on the material microstructure. This reaction is utilized to study the activity
and selectivity of different “inverted” structures synthesized using different synthesis parameters.
The largest changes in catalytic performance are found to be induced by the pore structure of the
TiO2 shell, with limited effect from its crystallinity; these are two parameters that significantly
change with varying synthesis parameters. In the case of the interfacial ligand, if in excess, it
could have a detrimental effect in blocking the pathways to the active sites.32
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Figure 1.2. Scheme of the spatial regulation induced by the porous TiO2 film in the “inverted”
catalyst structure leading to the adsorption orientation confinement of benzyl alcohol in HDO
reaction.

The second approach in designing heterogenous catalyst is tuning the 3D environment of
metal sites through surface bound ligands as detailed in Chapter 5. Two probe systems are
discussed to illustrate the concept of this approach. The first example involves depositing a layer
of organic ligands (phosphonic acids) on the support (Al2O3) to create Bronsted acidity at the
interface between the phosphonate-coated Al2O3 and supported Pt NPs leading to enhanced
selectivity and activity in HDO reaction (Figure 1.3).40 The acid strength is tuned by the molecular
structure of the organic ligands and significantly affect the catalytic performance.40
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Figure 1.3. Proposed scheme showing an acidic ligand formed by phosphonic acid deposition on
a supported metal catalyst.40

The second example is tuning the active sites on Pd NPs by the use of surface bound ligands
for low temperature H2O2 synthesis reaction. H2O2 has attracted growing attention as a green
alternative to traditional oxidants in a wide range of applications due to its advantage of generating
water as the only byproduct41,42. The demand for H2O2 has significantly increased since 2014,
however, the production of H2O2, which exclusively replies on the anthraquinone process, is not
suitable either economically or ecologically, due to the following reasons: (i) the multi-step
reaction requires large amount of energy input; (ii) the liquid-liquid product extraction process
generates lots of waste; and (iii) subsequent purification procedures are necessary because of the
use of organic solvents42. One of the alternate routes is synthesizing H2O2 directly from oxygen
and hydrogen in water or methanol at low temperature. The state-of-the-art catalyst, supported Pd
NPs, is highly effective, however, suffers from low selectivity as compared to the commercial
anthraquinone process (95%). The reason for this stems from Pd favoring O2 dissociation leading
to undesired side reactions, including unselective O2 hydrogenation (Figure 1.4 b), H2O2
hydrogenation (Figure 1.4 c), and H2O2 decomposition (Figure 1.4 d).
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Figure 1.4. Scheme of reaction pathways for (a) direct H2O2 synthesis, (b) unselective O2
hydrogenation, (c) H2O2 hydrogenation, and (d) H2O2 decomposition over supported Pd catalysts.

In this thesis, an approach of utilizing surface bound ligands on Pd NPs to engineer the
environment of Pd surface active sites is proposed to minimize unfavored side reactions. Pd NPs
with different surface ligands are prepared through (i) direct solution-based synthesis methods43–
45

and (ii) surface ligand exchange processes46 from pre-synthesized Pd NPs capped with

hexadecyl-2-hydroxyethyl-dimethyl ammonium dihydrogen phosphate (HHDMA) surface
ligands47. As demonstrated in Figure 1.5, surface bound ligands can be classified into two types
via the nature of the interactions to NPs surfaces, which is (a) lone pair electrons donation and (b)
electrostatic force46,48,49. The effect of two types of surface ligands on the catalytic performance
of supported Pd NPs catalysts is systematically studied. An investigation on the effect of the types
of supports on the selectivity toward the direct H2O2 synthesis reaction is also conducted by
preparing supported Pd NP catalysts on activated carbon and synthesized high surface area TiO 2.
It is shown that the type of support has significant effect on the selectivity toward the direct H2O2
13

synthesis due to the presence of hydroxyl group in the case of TiO2 leading to the undesired
product.50 Moreover, the types of surface ligands significantly affect both the activity and
selectivity of Pd toward direct H2O2 synthesis, which is also detailed in Chapter 5.

Figure 1.5. Scheme of two types of ligands classified by the nature of the interactions with NPs
surface via (a) lone pair electron donation and (b) electrostatic force.
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Chapter 2. Experimental Techniques
2.1 Summary
This chapter details the synthesis procedures to achieve controlled structures of “inverted”
Pd NPs encapsulated in porous TiO2 film (Pd@TiO2) catalysts. The preparation of Pd NPs is
based on a colloidal synthesis approach, followed by appropriate surface modification exploiting
an interfacial surfactant (cetyltrimethylammonium bromide (CTAB)), and encapsulation with a
TiO2 film achieved through a sol−gel method at room temperature. The synthesis section also
includes (i) the details of the preparation of supported catalysts as control cases for the
encapsulated structures, (ii) the procedure of preparing surface modified Pt NPs supported on
Al2O3 catalysts, and (iii) the methods for synthesizing Pd NPs capped with different ligands
supported on activated carbon or synthesized TiO2 catalysts. Furthermore, various characterization
techniques are discussed for studying the structural properties of the catalysts, such as X-ray
diffraction (for determining the crystal structure of synthesized porous TiO2 film), transmission
electron micrograph (for analyzing the size and size distribution of synthesized Pd NPs), and N2
physisorption (for studying the surface area and porosity of the encapsulated structure). The
chapter concludes by detailing the reactions ((i) HDO reaction of benzyl alcohol and furfural
alcohol, (ii) hydrogenation of styrene and 1-hexene, (iii) hydroisomerization reaction of 1-hexene,
and (iv) direct H2O2 synthesis reaction) and conditions used to evaluate catalytic performance.
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2.2 Inverted Pd@TiO2 Catalysts Synthesis
2.2.1 Materials
Palladium (II) acetylacetonate (Pd(acac)2, 99%), oleylamine (OA, technical grade, 70%),
trioctylphosphine (TOP, technical grade, 90%), and titanium (IV) butoxide (Ti(OBun)4, reagent
grade, 97%), hexadecyl(2-hydroxyethyl)dimethylammonium dihydrogen phosphate solution (~30%
in H2O), L-ascorbic acid (ACS reagent, ≥99%), sodium tetrachloropalladate (II) (Na2PdCl4, 98%),
mercaptosuccinic acid (MSA, HPLC, ≥99.0%), polyethylene glycol 2000 (PEG, reagent grade)
are purchased from Sigma−Aldrich.
purchased from Alfa Aesar.

Cetyltrimethylammonium bromide (CTAB, 98%) is

Ammonium hydroxide aqueous solution (25%) and acetic acid

(glacial) are purchased from EMD Chemicals. All the solvents, including methanol, ethanol,
isopropanol, chloroform, hexane, and 1- octyldecene, are reagent grade and used without further
purification. The water used in all the synthesis reactions is milli pure with a resistivity of 18.2
𝑀Ω ∙ 𝑐𝑚.

2.2.2 Pd NPs synthesis
Monodispersed Pd NPs are synthesized using a colloidal method, which involves the
reduction of Pd (II) ions from the precursor ((Pd(acac)2) to Pd0 metal using OA at the desired
temperature, in the presence of TOP as a binding surface ligand. The synthesis procedure is
detailed below via the example of 4 nm monodispersed Pd NPs synthesis while the reaction
temperature, the amount of OA and TOP are varied and studied.
Pd(acac)2 (0.33 mmol, 100 mg), 1mL TOP and 9 mL OA are mixed under inert
environment and react at 250 °C for 1 hour. Heat is removed right away after reaction finishes to
prevent further reaction. The product is cooled at room temperature under the flow of inert gas
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before particles collection. Pd NPs are isolated using ethanol and centrifuging at 14,000 rpm for
15 minutes. Pd NPs are purified by washing with 2 mL chloroform, and isolated using excess
amounts of ethanol. Pd NPs are dispersed again in 5 mL chloroform and sonicated for 15 minutes
before further characterizations and synthesis reactions.

2.2.3 NPs surface modification
Pd NPs surface modification using CTAB is required prior to the encapsulation reaction.
Initially, the appropriate amount of CTAB is dissolved in the desired alcohol (reaction media, 100
mL) under magnetic stirring. Pre-synthesized Pd NPs are suspended in chloroform (5 mL) by
sonication and then added into the CTAB/alcohol solution dropwise. The mixture was then heated
to 45 °C for 20 min under vigorous stirring to remove chloroform, followed by cooling to room
temperature.

2.2.4 Porous metal oxide structure synthesis
The encapsulation reaction of applying porous TiO2 film over Pd NPs exploits a simple
sol−gel process starting by injecting titanium alkoxide precursor (5.7 mmol) instantaneously under
magnetic stirring and the addition of DI water (1 mL) or initiators. The reaction is performed at
room temperature for 24 hours or to completion, depending on the variation of the synthesis
parameters. The product is collected by centrifugation and washed three times using a 1:1
methanol:water solution. The collected particles are then dried at 80 °C overnight before further
characterizations.
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2.2.5 Supported catalyst preparation as controls for the “inverted” catalysts
The preparation of the control catalysts for each inverted structure involves synthesis of Pd
NPs under the exact same condition as the Pd NPs in the “inverted” systems (see details in Section
2.2.2), followed by surface modification using CTAB. The exact same amount of CTAB as in the
“inverted” structures is dissolved in alcohol under magnetic stirring. The pre-synthesized Pd NPs
are suspended in chloroform (5 mL) by sonication and then added dropwise into the CTAB/alcohol
solution. The mixture is then heated to 45 °C for 20 min under vigorous stirring to remove the
chloroform. After cooling to room temperature, the surface-modified Pd NPs are collected by
centrifugation and dispersed again in ethanol prior to impregnation. Separately, the preparation of
the porous TiO2 support involves dissolving the exact same amount of CTAB as in the “inverted”
structure in alcohol under magnetic stirring and heating at 45 °C for 20 min. After the solution is
cooled to room temperature, the titanium alkoxide precursor (5.7 mmol) and DI water (or other
initiators) are injected exactly the same way as for the “inverted” catalysts. The reaction is
performed for 24 hrs or to completion. The product is collected by centrifugation and washed
three times using a 1:1 methanol:water solution. The collected particles are then dried at 80 °C
overnight before sieving using 125 mesh. The last step involves the impregnation of the surfacemodified Pd NPs dispersed in ethanol to the sieved porous TiO2 particles via incipient wetness.
The powder is dried at 80 °C overnight before further characterization. A similar approach is used
for synthesizing Pd NPs supported on Al2O3, except for using crushed and sifted α-Al2O3 (Alfa
Aesar) as opposed to the synthesized TiO2.
To prepare Pd/TiO2 (P25) supported catalyst, a given amount of TiO2 (P25) is added into
an acidic solution of PdCl2. The volume of the solution is controlled to be equal to the pore volume
of TiO2 (P25). The loading of Pd is controlled by the concentration of Pd in the acidic solution
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prior to TiO2 addition. After intensive mixing using a vortex mixer, the mixture is dried in an oven
at 120 °C overnight, followed by reduction at 250 °C under 20% H2 for 2 hrs.
To remove the CTAB ligands from the control catalysts, heating of the catalyst at 500 °C
for 60 s in the furnace with static air and cooling on the bench is used. The heat treatment to anneal
the “inverted” catalysts is conducted in 21% O2/He at 350 °C for 4 hrs.
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2.3 Pd NPs Capped with Different Ligands Preparation
2.3.1 Direct synthesis of Pd NPs capped with TOP and OA
Monodispersed ~2 nm Pd NPs are synthesized by reducing Pd(acac)2 in the presence of 1
mL TOP and 9 mL OA at 220 °C for 1 hour, while all the other parameters are kept the same as
detailed in Section 2.2.2.

2.3.2 Direct synthesis of Pd NPs capped with CTAB
Pd NPs capped with CTAB are synthesized using a mild reducing agent, L-ascorbic acid
based on literature45. The synthesis reaction starts with mixing 25 mL of 8 mM CTAB solution
and 20 mL of 0.25 mM Na2PdCl4 solution under magnetic stirring. The color of Na2PdCl4 solution
changes from yellow to orange which indicates the formation of the [CTA+] [PdCl4] complex. 125
μL of freshly made 0.1 M L-ascorbic acid solution is then added to the mixture. The solution is
vigorously stirred for 15 minutes before leaving it at room temperature under static air for 4 days
for the synthesis reaction to reach completion.

The resulted particles are collected by

centrifugation and re-dispersed in water for further characterization.

2.3.3 Direct synthesis of Pd NPs capped with PEG
Pd NPs capped with PEG are synthesized using a modified procedure from literature43,44.
The procedure starts with melting PEG (2 mmol, 4g) in the oil bath (80 °C) under magnetic stirring.
Pd(acac)2 (0.22 mmol, 67.70 mg) is then added to the PEG solution at 80 °C and stirred for 15
minutes to form an orange solution. The reaction temperature is then raised to 120 °C. The
reaction is carried out for 2 hours to achieve a dark brown solution, which indicates the completion
of the reaction. The product is then removed from the oil bath and cooled to room temperature. It
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is worth noting that the product solidifies after cooling due to the high melting point of PEG. An
appropriate amount of water is added to the product with the help of sonication to dissolve the
solid product. The Pd NPs are collected by centrifuging the resulted solution at 12000 rpm for 10
minutes. The particles are re-dispersed in water for further characterizations.

2.3.4 Direct synthesis of Pd NPs capped with HHDMA
Pd NPs capped with HHDMA are synthesized via a colloidal method based on literature47.
In this synthesis procedure, HHDMA acts as a mild reducing agent and surface stabilizing ligand.
A solution of 5.07 g of HHDMA dissolved in 100 mL water is first heated in an oil bath (60 °C)
for 30 minutes under magnetic stirring. 1 mL of 0.25 mM Na2PdCl4 solution is then added to the
HHDMA solution. The temperature of the oil bath is increased to 80 °C immediately after the
addition. The reaction is carried out for 2 hours to reach completion. The product is then removed
from the oil bath and cooled down to room temperature. The particles are collected by adding
excess amount of acetone and centrifuging at 14000 rpm for 15 minutes. The collected particles
are then re-dispersed in water for further characterization.

2.3.5 Surface ligand exchange processes
Surface ligand exchange reactions started with pre-synthesizing Pd NPs capped with
HHDMA as detailed in Section 2.3.4. Two different approaches are utilized based on the type of
ligand undergoing exchange, as illustrated in Figure 1.5. Since CTAB and PEG are bound to the
particle surfaces through electrostatic force (same as HHDMA), a concentration gradient approach
is utilized to exchange Pd NPs surface ligands from HHDMA to CTAB or PEG. The procedure
involves: (i) preparing 100 mL saturated solution of CTAB or PEG, (ii) dropwise addition of the
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desired amount of Pd NPs capped with HHDMA solution under vigorous stirring, and (iii) keeping
the vigorous stir for 30 minutes to allow the surface ligand to fully exchange. The resulting
particles are collected by centrifugation at 14000 rpm for 15 minutes and re-dispersed for further
characterization.
For TOP and OA, a phase exchange approach is utilized based on literature46, due to the
hydrophobic nature of TOP and OA. The ligand concentration is critical in the ligand exchange
process using this approach. The molar ratio of the targeting ligand to Pd should be kept at 2. An
appropriate amount of TOP or OA is first dissolved in 3 mL hexane and then mixed with 3 mL of
Pd NPs in water. The solution is then vortexed extensively for 10 minutes. The observation of
the color change in the water and hexane layers indicates the successful completion of the ligand
exchange process. The particles are then collected by adding excess amount of ethanol followed
by centrifugation at 5000 rpm for 20 minutes. The collected particles are re-dispersed in hexane
for further characterization.
MSA is chosen due to the fact that this ligand bounds to Pd through sulfur and the
hydrophilic nature of the molecule. The ligand exchange process from HHDMA to MSA is the
same as CTAB and PEG as described in detail above.

2.3.6 Supported Pd NPs catalysts preparation
The direct synthesized or ligand exchanged Pd NPs capped with different ligands are
supported on activated carbon or synthesized TiO2 prior to catalytic testing using an incipient
wetness method as detailed in Section 2.2.5. TiO2 is pre-synthesized by reacting 2 mL Ti(OBun)4
with 1 mL water as initiator in 100 mL ethanol for 24 hours as detailed in Section 2.2.4.
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2.4 Characterization Techniques
2.4.1 X-Ray diffractometry
X-ray diffractometry (XRD) is a technique commonly used to determine the
crystallographic bulk structure and composition of heterogeneous catalysts with crystalline
structures51. There are mainly two methods used in XRD studies: (i) single crystal XRD and (ii)
powder X-ray powder diffraction (PXRD) analysis52,53. Due to the properties of heterogeneous
catalysts, such as polycrystallinity and limited sample amount, the most used method in
characterizing heterogeneous catalysts is PXRD, which is referred to as XRD in this thesis. The
reason X-ray can be used to determine the crystal structures of materials is that the regular arrays
of atoms in the crystals scatter regular arrays of X-ray waves, which cause destructive and
constructive interferences. Although most of the waves cancel one another out, specific lattice
planes produce peaks when the waves are constructive at angular positions of 2θ, as illustrated in
Figure 2.1. The relationship between the incident angle and the diffracting plane spacing is
described by Bragg’s law (Equation 2.1)51. Here, d is the spacing between diffracting planes, θ
is the incident angle, λ is the wavelength of the X-ray beam, and n is an integer.

θ
Incident X-rays

Diffracted X-rays

θ
θ θ

Figure 2.1. Scheme of X-ray diffraction in a crystal structure.
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d

2𝑑 sin 𝜃 = 𝑛𝜆 (𝑛 = 1, 2, 3, … )

Equation 2.1

𝐷 = 0.89𝜆/(𝐵0 2 − 𝐵𝑒 2 )1/2 cos 𝜃

Equation 2.2

XRD can also be used to estimate the average crystal grain size (D in Equation 2.2) of
catalysts by applying the Debye-Scherrer equation (Equation 2.2), where B0 is the measured width
of a diffraction line at half-maximum and Be is the corresponding width at half-maximum of a
well-crystallized reference sample51. It can be seen that sharp XRD peaks only exist when the
samples have sufficient long-range order. When the crystallite size decreases, the corresponding
XRD peaks become broader, especially for the small NPs synthesized in this thesis study. The
XRD characterizations for all the synthesized catalysts are conducted using a Bruker Phaser II Xray diffractometer with CuKα radiation of 1.5418 Å. All the spectra are saved as text files and
replotted using Microsoft Excel. The instrument comes with a database to identify the peaks of
the PXRD spectra. For example, Figure 2.2 shows a typical XRD spectrum of synthesized Pd
NPs with the standard Pd peaks plotted. The broad Pd (111) peak is due to the small size of the
Pd NPs (less than 4 nm).
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Figure 2.2. XRD spectrum of synthesized Pd NPs (red) along with the standard Pd peaks (black
lines).

2.4.2 Infrared (IR) spectroscopy
Infrared (IR) spectroscopy is commonly used for material characterization because the
energy of IR radiation corresponds to the energy required for a molecule’s vibrational energy
transition, which is unique to its structure54.

The invention of Fourier transform infrared

spectrometer (FTIR) makes IR the most universal chemical analysis technique due to the ability
of measuring spectra with high signal to noise ratios55. In catalysis, different working modes are
available for FTIR studies as listed in Table 2.1.

Table 2.1. Working modes available in FTIR studies and their advantages.31,51,54–56
FTIR Sample Techniques

Advantages
∙ No separate accessory required

Conventional Transmission

∙ Inexpensive
∙ Excellent spectra quality
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∙ Great for quantitative work

∙ Ideal for strongly absorbing or thick samples
Attenuated Total Reflection
∙ Good fit for surface layer analysis in a multi-layer system
(ATR)
∙ Good for liquid analysis
∙ Easy sample preparation and clean up
Diffuse Reflectance

∙ No need for pressed KBr pellets

(DRIFTS)

∙ Good for loose powder samples, strong scatters, or absorbing
particles
∙ Commonly used for large, flat, reflective surfaces

Reflection-Absorption
(RAIRS)

∙ Sensitive to monolayer samples (can detect Angstrom
thickness)
∙ Nondestructive

In this thesis, the FTIR-ATR technique is used to qualify the type of ligands on the surface
of Pd NPs. The analysis is performed using a Thermal Scientific Nicolet 6700 FTIR spectrometer
with an ATR accessory (diamond crystal). Samples are prepared by collecting pre-synthesized or
surface modified NPs via centrifugation. A thin paste of the collected NPs is applied on the crystal.
64 scans at 4 cm-1 resolution are collected for each measurement.
CO DRIFTS technique is utilized to determine the types of sites on the catalyst surface.
The analysis is performed using a Thermal Scientific Nicolet 6700 FTIR equipped with a Harrick
reaction chamber. Samples are placed in a closed chamber which is evacuated to 120 mTorr for 1
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h. Then, CO is introduced into the cell, and the measurement is taken after 2 min to allow
equilibration with 100 scans at 4 cm−1 resolution.

2.4.3 Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) is a powerful technique to image nanosized
catalysts such as metal NPs, metal oxide particles, and supported metal catalysts because of
providing high resolution down to a 0.1 nm scale51. The typical TEM can be described simply as
an optical microscopy (shown in Figure 2.3), except that electro-magnetic instead of optical lenses
are used to focus an electron beam on the sample57.

SPECIMEN

OBJECTIVE LENS

DIFFRACTION PLANE

IMAGE PLANE

Figure 2.3. Scheme of a typical TEM simplified as an optical microscope.

The resolution of TEM is mainly determined by the objective lens and can be described
mathematically via the Abbe’s equation (Equation 2.3), where d is the maximum resolution, λ is
the wavelength of the imaging radiation (electrons in TEM), and nsinα is the numerical aperture
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(NA, which is a dimensionless number characterizing the range of angles for accepting and
emitting light). The wavelength of the electron beam can be calculated via the de Broglie equation
(Equation 2.4), which is directly related to the rest mass of an electron (m0) and the energy of the
accelerated electron.58

𝑑=
𝜆=

𝜆

Equation 2.3

2𝑛 sin 𝛼
ℎ
√2𝑚0 𝐸(1+

Equation 2.4

𝐸
)
2𝑚0 𝑐2

In this thesis study, TEM analysis is conducted using a JEOL 2010 transmission electron
microscope operated at 200 kV. The histogram of the Pd NPs size is measured by counting the
diameters of 50 NPs in three random areas. ImageJ software is used to process the TEM images
to scale. The characterization for the NPs is conducted using Cu grids with a continuous carbon
film. The TEM grids for all the samples are prepared using the same procedure. Ten microliters
(10 μL) of the synthesized Pd NPs are diluted with 2 mL hexane and sonicated for 15 min before
loading onto a Cu grid dropwise. The grids are dried under ambient environment for 30 min before
TEM characterization.

2.4.4 Scanning transmission electron microscopy (STEM)
Scanning transmission electron microscopy (STEM) is one of the advanced electron
microscopy techniques, which is very effective in measuring compositional changes at buried
interfaces of catalysts58. The basic setup of a STEM can be simplified as a high energy electron
beam focusing down to a small spot and firing through the specimen, followed by recording the
scattered electrons and ionized atoms to generate a two-dimensional map via a detector (as
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illustrated in Figure 2.4).59,60 The high energy electron beam is generated by a field-emission gun
accelerated up to 300 keV to achieve the energy sufficient to penetrate a sample up to 100 nm thick
without beam spreading. A series of electron lenses and correctors are utilized to focus the beam
down to a diameter smaller than an Angstrom. Elastically scattered electrons are generated and
undergo large angle deflections after the beam scans across the sample. An annular dark-field
(ADF) detector is used to collect the scattered electrons. The high angle electron scattering scales
roughly with an order of 1.7 to the atomic number Z and prevents the sample contrast induced by
the sample thickness.60 The high angle ADF images exhibit bright features resulting from the high
Z atoms or high densities of the atoms.
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Figure 2.4. Scheme of a basic setup of a STEM instrument.

In this thesis, STEM is used in imaging the “inverted” catalysts due to the nature of
structures (Pd NPs are buried inside of a porous TiO2 film). High angle ADF images and bright
field (BF) images are recorded using a JEOL 3100R05 double Cs-corrected transmission/scanning
transmission electron microscope operated at 300 kV. This STEM instrument is also coupled with
electron energy-loss spectrometer to obtain compositional information on the sample, as detailed
in Section 2.5.6.
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2.4.5 Energy dispersive X-ray spectroscopy (EDXS)
Energy dispersive X-ray spectroscopy (EDXS) is an X-ray microanalytic technique
commonly used for elemental analysis of atoms with atomic number (Z) greater than 3. This
technique is usually coupled with electron microscopes, such as scanning electron microscope ,
and transmission electron microscope. In the EDXS theory, the characteristic X-ray is generated
due to the energy difference created by a higher energy electron filling a lower energy vacancy,
which is caused by an electron being knocked out of an atom due to the electron beam61–64, as
illustrated in Figure 2.5.

Figure 2.5. Scheme of EDXS theory for generation of energy dispersive X-rays.

In this thesis, EDXS analysis is coupled with TEM or STEM instrument.

For the

characterization of the synthesized Pd NPs, EDXS analysis is conducted by using a JEOL 2010
transmission electron microscope operated at 200 kV coupled with a Si detector cooled to
cryogenic temperatures with liquid nitrogen. For the supported Pt NPs on phosphonate-coated
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Al2O3 catalyst, EDXS analysis is conducted by using a JEOL 3100R05 double Cs-corrected
transmission/scanning transmission electron microscope operated at 300 kV with horizontal ultrathin window JEOL SDD X-ray detector. The raw spectra are replotted using Microsoft Excel and
the atomic percentages for the desired elements are calculated by integrating the peaks in the
EDXS spectra and multiplying the K-factor provided by the software of the instrument.

2.4.6 Electron energy loss spectroscopy (EELS)
Electron energy loss spectroscopy (EELS) analysis is a common technique for obtaining
compositional and bonding information of atoms in a sample. EELS is based on the analysis of
the inelastically scattered electrons, which are generated when the incident electron beam collides
with the specimen and excites core-level electrons. The inelastic scattering passes through the
center of the ADF detector to an energy filter and is collected by a spectrometer60. Thus, the
electron energy loss (EEL) spectrum can be described mathematically by the difference (∆E)
between the incident electron energy and specimen absorbed energy. In this thesis study, EELS
analysis is conducted by using a JEOL 3100R05 double Cs-corrected transmission/scanning
transmission electron microscope operated at 300 kV equipped with Gatan #965 Quantum Imaging
Filter.

2.4.7 Adsorption techniques: N2 physisorption and CO chemisorption
Gas adsorption is an important tool for studying the surface properties in the field of
heterogeneous catalysis.65,66 Adsorption can be classified into two categories based on the nature
of the interactions between the adsorbate and adsorbent: (i) physisorption, which involves weak
intermolecular forces, such as van der Waal forces,, and (ii) chemisorption, which involves
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intermolecular forces between the adsorbed molecules and the sample surface leading to the
formation of chemical bonds.66
Physisorption is a technique commonly used to study the geometric surface area and
porosity of heterogeneous catalysts. It utilizes adsorption-desorption isotherm to represent the
relationship between the amount of adsorbate and the equilibrium pressure at constant temperature.
The feature of the isotherm varies as a function of the surface properties of the adsorbent. There
are five types of isotherms first reported by Brunauer et al67. International Union of Pure and
Applied Chemistry (IUPAC) updated this into 6 types in 1985, as shown in Figure 2.668. The
reversible Type I isotherm represents the feature given by microporous (pores < 2 nm) solids
having relatively smaller external surfaces, such as activated carbons and molecular sieve zeolites.
The reversible Type II isotherm is a common form of isotherm obtained in non-porous or
microporous (pores > 50 nm) adsorbent. Point B in the Type II isotherm (Figure 2.6) is the
beginning of the almost linear section of the isotherm, which represents the completion of
monolayer coverage. On the other hand, a reversible Type III isotherm, which does not exhibit a
Point B, is not common and usually is caused by adsorbate-adsorbate interactions in the system.
Conversely, Type IV isotherm, which exhibits Point B and a characteristic hysteresis loop, is
always found in mesoporous adsorbents. Type V isotherm is related to the Type III isotherm, and
is caused by a weak adsorbent-adsorbate interaction. The Type VI isotherm represents stepwise
multilayer adsorption on a uniform non-porous surface, such as krypton on graphitized carbon
black at liquid nitrogen temperature69.
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Figure 2.6. IUPAC classification of isotherms.68

In this thesis study, nitrogen physisorption analysis is conducted using a Micromeritics
ASAP 2020 system to determine the physical surface area and porosity of “inverted” catalytic
structures (Pd@TiO2) and synthesized porous TiO2 films. All the samples are degassed at 150 °C
for 12 hrs before applying a typical microporous structure analysis method provided by
Micromeritics. Brunauer–Emmett–Teller (BET) surface area for each sample is calculated using
the instrumental software developed by Micromeritics. The pore size distribution is analyzed
using a non-local density functional theory (NLDFT) method70,71 provided by Micromeritics. The
NLDFT method is based on a cylindrical porous oxide surface model, using a non-negative
regularization value of 0.1 for smoothing.
Chemisorption with CO, as the probe molecule, is a commonly used technique to determine
the total number of active sites available for catalytic reactions (catalytically active surface area)
in supported metal catalysts, such as Pt and Pd.72–74 In CO chemisorption, metal dispersion is used
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to evaluate the number of active sites, which is the ratio of the total number of metal atoms on the
metal surface accessible to the adsorbate species to the total number of metal atoms in the sample.
In this thesis study, CO chemisorption analysis is performed using a Micromeritics ChemiSorb
2720 system to characterize supported and “inverted” Pd NPs catalysts. All the samples are
reduced in situ at 413 K for 1 h and purged by He for 1 h before the measurement.

2.4.8 Inductively coupled plasma-mass spectroscopy (ICP-MS)
The inductively coupled plasma (ICP) is a type of plasma source in which the energy is
supplied by electric currents produced by electromagnetic induction75. It has greatly contributed
to the rapid development of spectroscopic multielement analysis. In this thesis study, inductively
coupled plasma-mass spectroscopy (ICP-MS) is particularly utilized in determining the loading of
Pd in the supported and the “inverted” catalysts due to its ability of detecting extremely low
concentrations of metals (limits in the sub parts per trillion (ppt) range) compared to other
techniques. In ICP-MS, the plasma torch is used to generate positively charged ions, which
directly transport into the mass spectrometer via vacuum. The large production of ions provides
ICP-MS the low-ppt detection capability.76 However, polyatomic interference (atoms or molecule
ions having the same mass-to-charge as analytes of interest) limits the application of ICP-MS.77
In this thesis study, the Pd loadings of all the catalysts as well as the yield of presynthesized Pd NPs are determined using an Agilent 7700x inductively coupled plasma-mass
spectrometer with ppb In solution as an internal standard.
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2.5 Catalytic Tests
2.5.1 HDO reaction of benzyl alcohol and furfural alcohol
The catalyst performance of HDO reaction of benzyl alcohol and furfural alcohol is
evaluated in a tubular packed bed flow reactor at atmospheric pressure. Helium is bubbled through
the reactant and then mixed with hydrogen before reaching the catalyst bed. The concentration of
the reactant in the gas phase is controlled by the temperature of the bubbler and the flow rates.
The catalyst loading is controlled to achieve a conversion around 6 ± 1% unless otherwise
mentioned. The reaction temperature is 190 °C for benzyl alcohol, 170 °C for furfuryl alcohol.
Each reaction has been run for at least 100 min. For benzyl alcohol and furfuryl alcohol, small
amounts (with a yield < 0.5%) of intermediates (benzaldehyde and furfural) are found from the
dehydrogenation of benzyl alcohol and furfuryl alcohol, respectively, which are not accounted for
in selectivity and conversion calculations due to the rapidly reversible nature of dehydrogenation
reactions under these conditions. Selectivity is calculated by dividing the conversion to one
product by the total conversion. Turnover frequency is calculated by dividing product ﬂow rates
by the number of surface sites obtained using CO chemisorption. Selectivity and conversion are
reported at steady state. The reactor effluent is analyzed online using an Agilent Technologies
7890A gas chromatograph equipped with an Agilent HP-5 capillary column and a ﬂame ionization
detector.

2.5.2 Hydrogenation of styrene and 1-hexene
Two probe reactions, hydrogenation of styrene and 1-hexene, are performed to evaluate
restriction effects in the porous TiO2 film. For the two probe reactions, the loadings for different
Pd catalysts are controlled to be equally active for benzyl alcohol conversion. The conversion of
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hydrogenation reactions is controlled to be lower than 20% by tuning the reaction temperature and
hydrogenation concentration.

The reactor effluent is analyzed online using an Agilent

Technologies 7890A gas chromatograph equipped with an Agilent HP-5 capillary column and a
ﬂame ionization detector.

2.5.3 Hydroisomerization of 1-hexene
Hydrogenation/isomerization of 1-hexene is evaluated in a tubular packed bed flow reactor
at atmospheric pressure. Helium is bubbled through the 1-hexene and then mixed with hydrogen
before reaching the catalyst bed. The concentration of the reactant in the gas phase is controlled
by the temperature of the bubbler and the flow rates. The catalyst loading is controlled to achieve
a conversion between 14-20%. The catalytic reactions are conducted at 40 °C and 1 atm pressure
with a total gas flow rate of 112 SCCM (YH2=10% and Y1-hexene=6%). Selectivity towards
isomerization is calculated by dividing the conversion to 2-hexene (summation of cis and trans)
by the total conversion. Each reaction has been run for at least 30 min. Selectivity and conversion
are reported at steady state. The reactor effluent is analyzed online using an Agilent Technologies
7890A gas chromatograph equipped with an Agilent HP-5 capillary column and a ﬂame ionization
detector.

2.5.4 Direct H2O2 synthesis reaction
The direct synthesis of H2O2 is performed using a stainless-steel autoclave (Parr Instrument
Company) with a nominal value of 25 mL. The autoclave is equipped with an underneath magnetic
stirrer and provision for measurement of temperature and pressure. In a typical experiment, the
catalyst (10 mg) is placed in the Teflon liner together with 5 mL of a methanol/deionized water
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mixture (67 vol% methanol, 99%, Merck). After three purging steps with N2, the autoclave is
pressurized with H2 (30 bar, 5 vol% H2/N2, Messer) and O2 (10 bar, 20 vol% O2/N2, PanGas),
leading to a final composition of 3.75 vol% H2; 7.50 vol% O2; 88.75 vol% N2 and a total pressure
of 40 bar. Stirring (1000 rpm) is commenced after reaching the desired temperature (273 K), and
the experiments are conducted for 30 min.
At the end of the experiments, the autoclave is vented, and the gas and liquid products are
collected for analysis. The H2 concentration in the gas fraction is analyzed using an SRI 8610C
gas chromatograph equipped with a thermal conductivity detector as well as HayeSep D and
Molecular Sieve 13X packed columns. After the removal of the catalysts by means of a Chromafil
Xtra 0.25 μm syringe filter, 0.1 mL of H2SO4 (95-97%, Sigma-Aldrich) is added to 1 mL aliquots
of the resulting mixture. Three consecutive titrations are performed with a 5 mM solution of
KMnO4 (>99.0%, Sigma-Aldrich) and the results are averaged to quantify the H2O2 productivity.
The selectivity to H2O2 is calculated using Equation 2.5, where 0 and 1 refer to the beginning and
the end of the reaction, respectively. The experimental error, determined on the basis of three
repetitions of selected tests, is within 4%.

𝑆𝐻2 𝑂2 =

𝑛𝐻2 𝑂2

Equation 2.5

(𝑛𝐻2,0 −𝑛𝐻2.1 )
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Chapter 3. Fabrication of the “Inverted” Catalytic Structures: Pd@TiO2
3.1 Summary
This chapter details the synthesis parameters that control key structural characteristics of
“inverted” catalytic systems that affect their catalytic performance. This is demonstrated through
the example of Pd@TiO2. The chapter starts with a systematic study of synthesizing Pd NPs under
various conditions, including: (i) different reaction temperatures, and (ii) altered concentrations of
the reducing/surface stabilizing agents. The characterization results from various techniques are
analyzed to study the properties of the resulting Pd NPs, including (i) TEM for size and size
distribution, (ii) ICP-MS for the yield of Pd NPs synthesis, and (iii) FTIR-ATR for ligand
characterization on Pd NPs surfaces. Pd NPs surface modification is conducted using a layer of
CTAB molecules to alter the NPs surface from hydrophobic to hydrophilic due to its structure
containing a hydrophobic tail and hydrophilic head. Furthermore, key synthesis parameters (i.e.,
solvent, initiator, pH, and interfacial ligand) in the sol-gel reaction used to encapsulate the Pd NPs
with a porous TiO2 film are varied while keeping the pre-synthesized Pd NPs unchanged.
Characterizations via XRD analysis and N2 physisorption are used to study the structures of
synthesized porous TiO2 and the “inverted” catalysts, as detailed in Section 3.4.
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3.2 Pd NPs synthesis
The first step in the fabrication of inverted Pd@TiO2 structures involves the synthesis of
Pd NPs using a colloidal approach48,78–80. In this method, OA is used as solvent and reducing agent.
Its low cost and liquid state at room temperature gives OA advantages over long-chain primary
alkylamines, such as hexadecylamine (HAD) or octadecylamine (ODA)81. TOP is used since it
has been reported as an effective surface ligand for stabilizing monodispersed Pd NPs and also
exhibits a weaker coordination with Pd NPs compared to other small sized phosphines providing
flexibility for ligand exchange80,82. To achieve control over NP size, size distribution, and yield,
the effect of synthesis temperature, and the concentrations of TOP and OA are studied.
It has been shown83–85 that temperature is critical in the synthesis of metal NPs, especially
when TOP is used as a surface stabilizing ligand, since it can undergo decomposition at relatively
higher temperatures. In this study, the molar ratio of Pd(acac)2:TOP:OA is kept constant at
1:6.2:58.9, while the effect of reaction temperature is measured at temperatures of 190 °C, 220 °C,
and 250 °C (reaction parameters detailed in Table 3.1). The lower bound of this temperature range
is based on the fact that the reduction of Pd(acac)2 to Pd0 in OA occurs at temperatures as low as
180 °C.84 The upper temperature bound is chosen to be lower than the reported decomposition
temperatures for TOP.86 As the synthesis temperature increases, an increase in the yield of Pd NPs,
as well as the average particle size (Figure 3.1) is observed. This is consistent with the enhanced
effectiveness of OA to reduce Pd(acac)2, due to the improved energetics associated with the
electron transfer from the amine group to the Pd (II) center at higher temperatures. Since terrace
sites, which are higher in concentration in larger Pd NPs, are the most catalytically interesting for
hydroisomerization reactions87 and to avoid potential decomposition of the surface ligand at 250°C,
for the next steps we have used 220 °C as the Pd NPs synthesis temperature.
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Table 3.1. Summary of the different reaction parameters used for Pd NP synthesis.
OA

TOP

Temperature

Pd NPs size

Yield

(mL, mmol)

(mL, mmol)

(°C)

(nm)

(%)

9.0, 19.4

1.0, 2.0

190

1.49 ± 0.40

23.4 ± 0.9

9.0, 19.4

1.0, 2.0

220

1.98 ± 0.35

28.9 ± 0.4

9.0, 19.4

1.0, 2.0

250

2.96 ± 0.36

35.2 ± 2.7

9.0, 19.4

0.5, 1.0

220

2.07 ± 1.63

28.8 ± 0.1

4.5, 9.7

1.0, 2.0

220

2.21 ± 2.27

30.8 ± 5.1

Figure 3.1. TEM images of Pd NPs synthesized at (a) 190 °C, (b) 220 °C, and (c) 250 °C. Insets:
Particle size distribution histograms obtained with ImageJ. The x and y-axis labels in the inset
plots are frequency and particle diameter (nm), respectively. The average particle sizes and yields
are: 1.49 ± 0.40 nm, 23.4% ± 0.9%; 1.98 ± 0.35 nm, 28.9% ± 0.4%; and 2.96 ± 0.36 nm, 35.2% ±
2.7% respectively for the reaction temperatures of 190 °C, 220 °C, and 250 °C. Yields are
calculated as actual mass/theoretical mass*100, where the actual mass is determined using ICPMS.
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The effect of OA concentration on the Pd NPs synthesis is exploited by varying the amount
of OA from 9 mL to 4.5 mL, while keeping the TOP amount (1 mL) and reaction temperature
(220 °C) constant. In order to keep the total solution volume unchanged, 4.5 mL of 1-octyldecene
is added to the reaction, due to its chemical inactivity and high boiling point.85 As shown in
Figures 3.2 c and e (histogram of particle distribution is shown in Figure 3.2 d and f, respectively),
the decrease in the OA concentration leads to a large variation in particle size distribution (standard
deviation () = ± 1.63 nm). This could be induced by the fact that in addition to reducing the Pd
precursor, OA also acts as a surface stabilizing ligand, which has been commonly observed in
metal NPs synthesis involving both TOP and OA.56,80,81,84 To confirm this, we have performed
Fourier-transform infrared spectroscopy (FTIR) studies on the Pd NPs after synthesis. The FTIR
spectrum (Figure 3.3 a) of the Pd NPs post synthesis shows the appropriate C-H and N-H bond
stretching associated with TOP and OA confirming that both TOP and OA act as surface stabilizing
ligands. This is also confirmed using transmission electron microscopy with energy dispersive
spectrometry (TEM-EDS, Figure 3.3 b and c). When the amount of TOP decreases from 1 to 0.5
mL, a larger variation in the particle size distribution ( = ± 2.27 nm) is observed while keeping
the amount of OA (9 mL) and reaction temperature (220 °C) constant (Figure 3.2 a). This could
be attributed to TOP being a more effective surface stabilizing ligand than OA, thus its decrease
significantly affects the stabilization of the colloidal particles.56,80 The best compromise between
Pd NPs’ size, size distribution, and yield was achieved using a Pd(acac)2:TOP:OA ratio of
1:6.2:58.9 corresponding to the condition of 9 mL OA and 1 mL TOP at 220 °C. Highly stable
monodispersed Pd NPs with an average size of 1.98 ± 0.35 nm are obtained (Figure 3.2 b) and
used in the encapsulation reactions to study the effect of key synthesis parameters in sol-gel
reaction on the structures of the catalysts.
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Figure 3.2. TEM images of Pd NPs synthesized using (a) 9 mL OA with 0.5 mL TOP, (c) 9 mL
OA with 1 mL TOP, and (e) 4.5 mL OA with 1 mL TOP, along with the histograms of the particle
size distribution (b), (d), and (f), respectively. Average particle sizes are 2.21 ± 2.27 nm, 1.98 ±
0.35 nm, and 2.07 ± 1.63 nm, respectively, for a, c, and e.
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Figure 3.3. (a) FTIR spectra of the Pd NPs as synthesized along with standards, TOPO, and OA.
(TOPO is used as standard instead of TOP due to the highly reactive nature of TOP with oxygen
and the similarity of C-H stretching to TOP.) (b) TEM-EDS spectrum of Pd NPs as synthesized.
(c) Atomic percentages of Pd, N, and P calculated by integrating the peaks in the EDS spectrum
and multiplying by the K-factor. The impurity peak of Si Kα is an artifact from the detector, while
the peak of Cl Kα results from the solvent, chloroform, which was used to disperse the Pd NPs.

44

3.3 Pd NPs Surface Modification
Post modification of the Pd NPs using CTAB, a surfactant containing a hydrophobic tail
and hydrophilic head, is performed prior to TiO2 film synthesis. The purpose of the CTAB layer
is to disperse the as-synthesized hydrophobic Pd NPs in hydrophilic alcohols required for the solgel synthesis of TiO2 film and to minimize the interfacial energy between the Pd NPs and the film
as demonstrated in Figure 3.4.

Figure 3.4. Scheme of modifying pre-synthesized Pd NPs surfaces from hydrophobic to
hydrophilic using CTAB molecules.

To confirm CTAB interaction with the Pd NPs surface, FTIR are were used to characterize
the Pd NPs after modification with CTAB. An FTIR peak at ~3000 cm-1 associated with N-H
bond stretching present in both CTAB and OA, along with C-H stretching similar to TOP and OA
were observed post CTAB modification (Figure 3.5 a). TEM-EDS analysis is used to differentiate
between the ligands, clearly showing the presence of both Br (specific to CTAB) and P (specific
to TOP) confirming the presence of the surface stabilizing ligands and the interfacial surfactant
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molecules (Figure 3.5 b and c).88,89 These results suggest the formation of a bilayer system on top
of the Pd NPs between the surface ligands (TOP and OA) and CTAB, interacting through their
hydrocarbon chains, making the NPs highly dispersible in alcohols.

Figure 3.5. (a) FTIR spectra of the Pd NPs after modification with CTAB along with standards,
TOPO, OA, and CTAB. (TOPO is used as standard instead of TOP due to the highly reactive
nature of TOP with oxygen and the similarity of C-H stretching to TOP.) (b) TEM-EDS spectrum
of the Pd NPs after modification with CTAB. (c) Atomic percentages of Pd, N, P, and Br
determined by integrating the peaks in the EDS spectrum and accounting for the K-factor. The
impurity peak of Si Kα is an artifact from the detector. The strong Ti peak is detected from the
TiO2 support. The modified Pd NPs are supported on TiO2 and then deposited on the Cu grid for
characterization.
46
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3.4 “Inverted” Structures Synthesis under Room Temperature
3.4.1 Summary of titanium alkoxides sol-gel reaction
Controlled porous TiO2 film structures are prepared by a sol-gel process of titanium
alkoxides at room temperature. Compared to the conventional hydrothermal reactions of inorganic
titanium salts, such as TiF4, the main advantage of this method is the elimination of the heating
step to achieve a controlled porous structure. This is especially beneficial when synthesizing
metal@metal oxide inverted catalytic structures using reducible oxides, since it minimizes artifacts
from strong metal−support interactions upon heating.90 The mechanism of the titanium alkoxide
inorganic polymer sol-gel reactions has been studied previously.91–95 The first step involves the
hydrolysis of titanium alkoxides using water to form metal hydroxides (Figure 3.6 a). This is
followed by the condensation reactions of titanium hydroxides through alkoxolation (Figure 3.6
b), oxolation (Figure 3.6 c), and olation (Figure 3.6 d).
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Figure 3.6. (a) Hydrolysis reaction of Ti alkoxide using water as initiator. (b) Alkoxolation
reaction between Ti alkoxide and Ti hydroxide. (c) Oxolation reaction between Ti hydroxides. (d)
Olation reaction.

The significance of studying the parameters affecting hydrolysis (Figure 3.6 a) and
condensation (Figure 3.6 b – d) is that the characteristic properties of the final oxide structure
(such as crystallinity, surface area, and porosity) are determined by their relative rates. For
example, it has been shown that slow hydrolysis and condensation rates, which can be induced by
the low pH of the solution, lead to sol formation.92 This results from acidic protons protonating (i)
the leaving alkoxide groups slowing down hydrolysis, and (ii) the hydroxyl groups of the Ti
hydroxide clusters inhibiting interaction with other Ti centers decreasing the rate of condensation.
On the contrary, when ammonia is introduced in the sol-gel reaction95, the hydrolysis rate is fast
and condensation is accelerated due to the ability of ammonia to coordinate to the Ti ion of the
hydroxide monomers and promote the release of the hydroxide ion from the Ti center forming a
gel. Under neutral conditions, when the water to Ti alkoxide precursor molar ratio is controlled
around the stoichiometric ratio, a uniform porous structure of TiO2 is achieved.96 It has been
reported27 that under a neutral environment at a water/Ti alkoxide precursor molar ratio of 9.8, the
rate of addition of water significantly affects the hydrolysis rate. While in general hydrolysis is
fast if initiated by water, slow dropwise water addition decreases this rate due to lowering of the
local water concentration, resulting in TiO2 film structures with medium-size pores (ranging from
3 – 15 nm). On the other hand, when water is added instantaneously, the hydrolysis rate is rapid
leading to a TiO2 film structure with small pores (2 – 5 nm). It has also been reported that the
nature of the Ti precursor plays a significant role in the hydrolysis rate. In general, the hydrolysis
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rate of Ti alkoxide decreases when the size of the alkyl group increases due to the decrease of the
positive partial charge of the metal atom with the alkyl chain length.97
Below, the effect of several key synthesis parameters (solvent, initiator, pH, and amount
of interfacial ligand) on the inverted Pd@TiO2 structures (crystallinity and porosity) is discussed
in detail. In order to rule out any artifacts from differences in the concentrations of the Pd NPs
and interfacial surfactant (CTAB) in the sol-gel reaction, these are kept constant throughout the
studies, excluding the case when the effect of CTAB is considered.

3.4.2 Effect of the solvent
Changes in the TiO2 film structure induced by changes in the nature of the solvent (in this
case alcohols) are studied by synthesizing encapsulated structures in ethanol and isopropanol,
respectively, while keeping the precursor (Ti(OBun)4) and the initiator (1 mL water) unchanged.
The reason for focusing on ethanol and isopropanol is due to their ability to quickly dissolve the
Ti alkoxide precursor prior to the sol-gel reaction,91,98 as well as the difference in their structure.
As the solvent is varied from ethanol (labeled as EtOH-H2O) to isopropanol (labeled as IPA-H2O),
the TiO2 film crystallinity changed from amorphous (Figure 3.7, green) to anatase (Figure 3.7,
purple) with larger pores (Figure 3.8, green and purple lines, respectively). This is the first
demonstration of room temperature encapsulation of Pd NPs with crystalline anatase TiO2 film.
This is also confirmed using STEM high angle ADF image (Figure 3.9 a), where TiO2 anatase
fringes can be observed in the case of the ‘inverted” structure prepared using isopropanol as
opposed to ethanol. This results from isopropanol significantly decreasing the hydrolysis rate as
evidenced by the extent of time that it took for the sol-gel process to reach completion (gelation
time is 2 times longer) in the case of isopropanol as opposed to ethanol. One potential mechanism
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by which the nature of the alcohol affected the hydrolysis rate could be through alcoholysis
(𝑇𝑖(𝑂𝑅)𝑛 + 𝑥𝑅 ′ 𝑂𝐻 → 𝑇𝑖(𝑂𝑅)𝑛−𝑥 (𝑂𝑅 ′ )𝑥 + 𝑥𝑅𝑂𝐻) of the Ti precursor prior to hydrolysis, due
to the interaction between the different alkyl groups present in the solvent and the precursor.97

Figure 3.7. XRD spectra of inverted Pd@TiO2 structures synthesized in IPA (IPA-H2O, purple)
and ethanol (EtOH-H2O, green) plotted along with the standard TiO2 anatase peaks (black lines).
Crystalline anatase TiO2 film structure is obtained in the case of IPA-H2O, while amorphous TiO2
resulted from film synthesis in ethanol.

Alcoholysis could occur in both ethanol and isopropanol causing the same Ti(OBun)4
precursor to exchange alkyl groups with the solvents, resulting in a precursor with ethoxy groups
in ethanol and isopropoxy groups in isopropanol prior to hydrolysis. Since the hydrolysis rate is
significantly affected by the structure of the alkyl chain in the Ti precursor, the isopropoxy groups
formed in isopropanol would result in slower hydrolysis than the ethoxy ones in ethanol.97
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Figure 3.8. Pore size distribution as determined by N2 physisorption of inverted Pd@TiO2
structures synthesized using different conditions: EtOH-Acetone (red line) contains the highest
amount of large pores and a wide pore size distribution (2.1 – 25 nm), IPA-H2O (purple line)
contains medium size pores (2.6 – 13.7 nm), EtOH-H2O-0.8CTAB (blue line) contains majority
small pores (1.8 – 3.8 nm), EtOH-H2O (green line) contains majority small pores (2.1 – 5.0 nm),
and EtOH-Ammonia contains the largest amount of micropores (~30%).

One of the conclusions that can be drawn from these experiments is that the formation of
crystalline, anatase TiO2 film at room temperature requires controlled, slow hydrolysis rates.
However, the formation of TiO2 films with small pores requires very fast hydrolysis and
condensation rates. Therefore, a compromise exists between the TiO2 film micropore structure
and crystallinity.
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3.4.3 Effect of the hydrolysis initiator
The effect of the nature of the hydrolysis initiator on the TiO2 film structure is studied by
changing the initiator from water to a ketone (acetone), while keeping the Ti precursor (Ti(OBun)4)
unchanged. Ketones represent an interesting class of oxygen source for the sol-gel synthesis, as
they are inexpensive and facilitate a slow and controllable reaction with metal alkoxides.99 The
volume ratio of ethanol to acetone is 5:3 with the total volume kept constant (100 mL). When
acetone is used instead of water in the synthesis (labeled as EtOH-Acetone), the hydrolysis and
condensation rates decreased significantly (gelation time doubled). It has been proposed99 that
during the sol-gel process acetone initially coordinates with the Ti center of the precursor, followed
by deprotonation to an anolate complex. The enol ligand nucleophilically attacks another acetone
molecule to form a C-C bond, followed by condensation via interaction with the Ti-center of
another ligand forming Ti-O-Ti bonds.99 The slow hydrolysis and condensation rates in this case
results in low yields of gel formation, consequently leading to a higher Pd to TiO2 weight ratio in
the final product (~8 wt% of Pd) compared to the case when water was used as initiator (~0.7 wt%
of Pd). This is evident when analyzing TEM (Figure 3.9 c) and the XRD (Figure 3.10) of the
EtOH-Acetone structures, which are largely dominated by the contribution from the Pd NPs. The
slow hydrolysis and condensation rates in the case of acetone also has implications in the pore
structure leading to larger pores and a wider pore size distribution (2.1 – 25 nm, Figure 3.8, red)
as compared to water (Figure 3.9, green).
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Figure 3.9. TEM images of inverted Pd@TiO2 structures synthesized in various conditions: (a)
IPA-H2O - TiO2 fringes can be clearly observed encapsulating the Pd NPs corresponding to the
anatase structure; (b) EtOH-H2O - amorphous TiO2 film is observed encapsulating the Pd NPs; (c)
EtOH-Acetone. We note that here we show images from specific regions of the samples, but these
features are uniformly found throughout the samples.

Figure 3.10. XRD spectrum of EtOH-Acetone catalyst (red) along with the standard Pd peaks
(black lines).
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3.4.4 Effect of pH
Water (pH = 7), ammonium hydroxide aqueous solution (pH = 11.7), and glacial acetic
acid (pH = 2.4) are used to determine the effect of the pH in the sol-gel process, while keeping all
the other parameters unchanged. As shown in Figure 3.8, when ammonium hydroxide is used
during reaction (labeled as EtOH-Ammonia) instead of water, the percentage of micropores (< 2
nm) in the resulting structure significantly increases (5% to 30%), while a similar amorphous
structure is observed. As discussed above, the presence of ammonia leads to fast hydrolysis and
condensation rates, consequently resulting in a disordered TiO2 structure with small pores. In the
case of acetic acid (labeled as EtOH-Acetic acid), it results in the formation of sol, due to very
slow hydrolysis and condensation rates induced by the acidic protons protonating the leaving
alkoxide groups slowing down hydrolysis, and the hydroxyl groups of the Ti hydroxide clusters
inhibiting interaction with other Ti centers decreasing the rate of condensation. Thus, the
precipitated product was composed mainly of Pd NPs as shown by the XRD spectrum (Figure
3.11). However, the acidity of the solution could be properly tuned to obtain appropriate
hydrolysis rates that lead to crystalline, anatase TiO2 film structures at room temperature. For
example, in Figure 3.12, we show that when 1 mL of HCl solution (pH=4.9) is used instead of DI
water (labeled as EtOH-HCl), an anatase TiO2 structure is obtained as confirmed by the XRD
spectrum with majority of the pores of the film in the range of 2.1 – 4.5 nm (Figure 3.12 inset).
Similar results are attained using acetic acid, suggesting limited effects from the nature of the acid.
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Figure 3.11. XRD spectrum of EtOH-Acetic acid catalyst (red) along with the standard Pd peaks
(black lines).

Figure 3.12. XRD spectrum of inverted Pd@TiO2 structure synthesized using 1 mL of pH=4.9
HCl solution (red) along with standard TiO2 anatase structure (black line), showing the anatase
crystalline structure of the TiO2 film. Inset: Pore size distribution by N2 physisorption.

3.4.5 Effect of interfacial surfactant
Lastly, the effect of the amount of interfacial surfactant, CTAB, in the sol-gel synthesis of
the TiO2 film is studied. It has been suggested in literature that in addition to the interfacial effects,
CTAB also acts as a templating agent in the sol-gel reactions of metal alkoxides.100,101
Experiments are performed varying the CTAB amount from 0.22 g (EtOH-H2O, 5.9 mmol/L) to
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0.8 g (labeled as EtOH-H2O-0.8CTAB, 21.5 mmol/L), while keeping all the other parameters
constant. A controlled amount of Pd NPs is introduced in the synthesis. We note that when the
CTAB amount is further decreased from 0.22 g, agglomeration of the Pd NPs in ethanol is observed,
preventing proper encapsulation. In the case of EtOH-H2O versus EtOH-H2O-0.8CTAB, no
significant differences in the XRD spectra of the ‘inverted” structures as a function of CTAB are
found, however, changes in the surface area and pore structure of the TiO2 film are observed. In
the case of 0.8 g CTAB, a TiO2 structure with smaller pores (Figure 3.8, green line and blue line,
respectively) and lower surface area (Figure 3.13 c and d inset) is obtained as compared to 0.22 g
of CTAB. One potential reason for this could be blocking of the pores due to excess CTAB
molecules trapped in the TiO2 structure during synthesis in the case of 0.8 g CTAB, leading to
lower surface area. To confirm this, heat treatment of EtOH-H2O-0.8CTAB and EtOH-H2O are
performed in 21% O2/He at 350 °C for 4 hours, followed by N2 physisorption to determine the
surface areas of the samples after heating. The surface area of the EtOH-H2O-0.8CTAB catalyst
significantly increases (Figure 3.13 g) upon annealing, consistent with the removal of trapped
CTAB. In the case of EtOH-H2O, a decrease in surface area is observed due to the shrinking of
the porous structure upon heating (Figure 3.13 h). It is also worth noting that the extent of the Pd
NPs encapsulation is not affected by the amount of CTAB used during synthesis. This is most
likely due to the fact that in both cases the concentration of CTAB is sufficient to saturate the NPs
surface, consequently not significantly affecting encapsulation.
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Figure 3.13. N2 physisorption isotherms of (a) EtOH-Acetone, (b) IPA-H2O, (c) EtOH-H2O0.8CTAB, (d) EtOH-H2O, (e) EtOH-Ammonia, (f) EtOH-HCl, (g) EtOH-H2O-0.8CTAB after
annealing, and (h) EtOH-H2O after annealing catalysts. Inset: BET surface area of each catalyst.
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Chapter 4. Catalytic Performance Governed by Structure: Enhanced Catalytic
Performance of “Inverted” Pd@TiO2 Structures for Hydrodeoxygenation of Biomass
Derived Oxygenates

4.1 Summary
This chapter discusses the catalytic performance of the “inverted” catalytic systems in
detail. The chapter starts with evaluating the catalytic activity, selectivity and stability of the
“inverted” catalyst (Pd@TiO2) compared to the conventional supported catalysts (Pd/TiO2 and
Pd/Al2O3) in HDO reaction of furfural alcohol and benzyl alcohol. Factors that lead to the
enhanced performance of the “inverted” catalysts are discussed. This chapter concludes by a
detailed discussion on the relationship between catalytic performance and the micro/nano structure
of the “inverted” catalytic systems evaluated using a simple probe reaction, hydroisomerization of
1-hexene. The largest changes in catalytic performance are found to be induced by the pore
structure of the TiO2 shell, with limited effect from its crystallinity.
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4.2 Catalytic Performance of the “Inverted” Catalyst on HDO Reaction
HDO is an important probe reaction to test the “inverted” catalyst, due to (i) the utility to
study the reactions occurring at metal/oxide interfaces, and (ii) the application in removing oxygen
atoms of oxygenated compounds (that derived from biomass pyrolysis process) with retained
carbon chain length. In this thesis study, two probe biomass-derived alcohol molecules, benzyl
alcohol and furfural alcohol, are chosen to perform the HDO reaction, because the desired products,
toluene and methyl furan, are valuable in production of chemicals and fuels. However, current
state-of-the-art catalyst, Pt NPs supported on Al2O3, exhibits low HDO selectivity due to the
competing reaction pathways including over-hydrogenation and cracking of C-C bonds, as shown
in Figure 4.1.
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Figure 4.1. Reaction pathways of (a) benzyl alcohol and (b) furfural alcohol.

To conduct the catalytic test, inverted Pd@TiO2 structure is first synthesized using presynthesized 4 nm monodispersed Pd NPs as detailed in Section 2.2. The obtained “inverted”
catalyst exhibits a TiO2 anatase crystal structure (Figure 4.2 a) with majority pores between 2 to
5 nm (Figure 4.2 b inset). Moreover, STEM with EELS technique is used to characterize the
“inverted” structure. As shown in Figure 4.3 a, TiO2 fringes can be clearly observed on the top
of the Pd NPs in the STEM bright field image, which indicates the presence of the Pd NPs inside
the TiO2 film other than laying on the top. The results from EELS line scan (Figure 4.3 b inset)
further support the “inverted” structure, because the intensity of Pd and Ti signal alternate across
the analysis line.
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Figure 4.2. (a) XRD spectrum of synthesized “inverted” catalyst for HDO reaction tests plotted
with standard TiO2 anatase structure (red line), and (b) N2 physisorption isotherm with inset of
porosity information.

Figure 4.3. (a) STEM bright field (BF) image of the synthesized “inverted” catalyst with inset of
TEM image, and (b) STEM high angle ADF image with EELS line scan (inset: Pd spectrum and
Ti spectrum plotted from EELS analysis results).
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Two control catalysts are also prepared by supporting the same Pd NPs on synthesized
TiO2 or Al2O3 (Sigma-Aldrich) (labeled as Pd/TiO2 and Pd/Al2O3, respectively) as detailed in
Section 2.2.4. STEM BF image is also recorded for Pd/TiO2 catalyst to compare with the “inverted”
structure. Unlike in the case of inverted Pd@TiO2 catalyst, the Pd and TiO2 anatase fringes are
observed separately in the image (Figure 4.4), which indicates the supported structure instead of
the “inverted” structure.

Figure 4.4. STEM BF image of Pd/TiO2 catalyst. Pd and TiO2 fringes are observed separately
unlike in the case of inverted Pd@TiO2 catalyst.

Table 4.1. Apparent dispersion of Pd for different catalysts measured by CO chemisorption.
Catalysts

Pd loading, %[a]

Apparent dispersion, %[b]

Pd/Al2O3

1.7

12.1 ± 2.1

Pd/TiO2

2.3

12.5 ± 2.4
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Pd@TiO2
[a]

[b]

0.8

19.5 ± 4.2

Absolute standard deviation of the ICP measurements was found to be 0.15%.
Uncertainty in ICP measurement has been propagated into the standard deviation for

dispersion.

The weight loading and apparent dispersion of Pd in different catalysts is determined by
ICP-MS and CO chemisorption, respectively. The results in Table 4.1 suggest that the active sites
for HDO are minimally blocked by the TiO2 film in the ‘inverted” structure, likely due to the high
porosity of the film. CO-DRIFT analysis is conducted to study the type of sites associated with
CO adsorption on the Pd NPs surfaces in different catalysts. The results indicate that the “inverted”
structure doesn’t change the type of the adsorption of CO. As shown in Figure 4.5, both supported
Pd/TiO2 and the inverted Pd@TiO2 catalysts exhibit the multi-site CO adsorption confirmed by
the peak around 1860 cm-1.

Figure 4.5. CO-DRIFT spectra for supported and the “inverted” catalysts at a CO pressure of
3,000 mtorr. Peak around 1860 cm-1 represents multi-site adsorption of CO; peak around 2060
cm-1 represents on top adsorption of CO.
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HDO of benzyl alcohol is first performed to study the effects of supports and the “inverted”
structure on the catalyst performance. As shown in Figure 4.6, for supported Pd NPs, changing
the support from Al2O3 to synthesized TiO2 leads to an increase in the selectivity toward toluene
from 36% to 50%, as well as an increase in the reaction rate. The “inverted” Pd@TiO2 catalyst
further increases the selectivity to ~100%. The improved selectivity is not merely owed to
suppression of the undesired reaction pathways. Figure 4.6 a shows higher rates for toluene
formation accompanies by lower rates for benzene formation as the selectivity increases.

Figure 4.6. (a) Turnover frequency (TOF) and (b) selectivity of HDO reaction of benzyl alcohol
toward toluene on the “inverted” and supported catalysts.

The performance of the catalysts is also evaluated for HDO of furfuryl alcohol. Unlike
benzyl alcohol, two ring hydrogenation products, tetrahydrofuran (THF) and tetrahydrofurfuryl
alcohol (THFA), are formed during catalytic conversion of furfuryl alcohol. Similar to the case
for benzyl alcohol, the change of the support from Al2O3 to TiO2, improves the selectivity towards
HDO, as shown in Figure 4.7 b. Furthermore, in the “inverted” catalyst, HDO becomes the only
observed pathway. The comparison of the turnover frequencies (TOFs) for the different catalysts
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(Figure 4.7 a) shows that the improved selectivity for the inverted Pd@TiO2 catalyst is again due
to both an increase in HDO rate and a decrease in other pathways. Post-reaction characterization
is performed using STEM and TEM (Figure 4.8), which indicates that unlike the Pd/TiO2, the
inverted Pd@TiO2 catalyst retained its particle size and the “inverted” structure after reactions.

Figure 4.7. (a) TOF and (b) selectivity of HDO reaction of furfural alcohol toward methyl furan
on the “inverted” and supported catalysts.
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Figure 4.8. (1) STEM BF image, (2) TEM image, and (3) Pd NPs sizes histogram of catalysts after
HDO reaction with (a) referring to Pd@TiO2 and (b) referring to Pd/TiO2.

Overall, it can be concluded that utilizing “inverted” structure achieves enhanced catalytic
activity, selectivity, and stability compared to the conventional supported catalyst.

It is

hypothesized that the improved performance of inverted Pd@TiO2 catalyst is potentially due to
two effect: the larger concentration of Pd-TiO2 interfacial sites, and restriction of unfavorable
adsorbate binding geometry, induced by the “inverted” structure. Further catalytic test is designed
to prove this hypothesized mechanism as detailed in Section 4.3.
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4.3 Hydrogenation of Styrene and 1-hexene
As illustrated in Section 4.2, two effect induced by the “inverted” structure are
hypothesized based on the HDO catalytic performance of different catalysts. First, the “inverted”
structure is able to create larger amount of Pd-TiO2 interfacial sites, which increases the active
catalytic surface area to achieve higher reaction rates. It has been reported that using reducible
metal oxides as a support could promote HDO since the partially reduced oxide creates oxygen
vacancies, which facilitate adsorption and C-O activation of hydroxylated reactants.35–37 The
presence of metals capable of hydrogen spillover was found to enhance the reducibility of the
metal oxides.102,103 For example, Prins and coworkers102 find that for Pt/TiO2 catalysts, reduction
of TiO2 in the near vicinity of Pt begins by 500 K.
Another important feature induced by the “inverted” structure is the reactant adsorption
regulation due to the pores of TiO2 film. It is hypothesized that the porous TiO2 film consisting
mainly of small pores (2 – 5 nm) discouraged “flat-lying” adsorption of the reactant molecules,
while favoring “upright” adsorption as illustrated in Figure 4.9.
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Figure 4.9. Controlled binding as well as interfacial sites induced by the “inverted” structure.27

To support this hypothesis, hydrogenation reaction of two probe molecules, styrene and 1hexene, over the supported Pd/TiO2 and the inverted Pd@TiO2 catalysts, are performed. The
planar structure of styrene (Figure 4.10 a) is expected to occupy a larger collection of contiguous
Pd atoms at the catalyst surface, with a similar “footprint” to flat-lying benzyl alcohol and furfuryl
alcohol, while the nonaromatic 1-hexene (Figure 4.10 b) should occupy fewer sites on the surface
due to the absence of an aromatic substituent. The relative rates of the hydrogenation probe
reactions are plotted in Figure 4.10 c. Inverted Pd@TiO2 catalyst exhibits a much lower activity
for hydrogenation of styrene, while the Pd/TiO2 catalyst materials shows comparable activity for
this reaction. In contrast, both catalysts showed similar activities for hydrogenation of 1-hexene.
These results suggest a significant restriction for styrene adsorption and hydrogenation on
inverted Pd@TiO2 catalyst (Figure 4.10 d), supporting the hypothesis that suppression of the flatlying adsorption of the reactant molecules contributes to the high HDO selectivity in the case of
Pd@TiO2, as depicted in Figure 4.9.
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Figure 4.10. Molecular structure of (a) styrene, and (b) 1-hexene, (c) relative rates of
hydrogenation of styrene and 1-hexene, and (d) scheme of significant restriction of styrene
adsorption and hydrogenation on inverted Pd@TiO2 catalyst.
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4.4 Hydroisomerization of 1-hexene
To understand the relationship between the “inverted” structures synthesized using varied
reaction conditions (listed in Table 4.2) and their catalytic performance, we investigate the
application of inverted Pd@TiO2 catalysts for a simple probe reaction, hydroisomerization of 1hexene. The study focuses on evaluating the sensitivity of the activity and selectivity for a simple
reaction on the material microstructure. The reaction products include 2-hexene (the desired
isomerization product) and n-hexane (from hydrogenation). At the low conversions explored here,
the hydrogenation and isomerization reactions are far from their equilibrium limitations, and 3hexene or cracking products are not detected as reaction products.

Table 4.2. Synthesis conditions for the “inverted” structures studied in hydroisomerization of 1hexene reaction. (Pd NP size and amount are kept constant for all catalysts.)
EtOH-H2OSample Name

EtOH-H2O

IPA-H2O

EtOH-Acetone

0.8CTAB
Solvent

EtOH, 100 mL

EtOH, 100 mL

IPA, 100 mL

EtOH, 62 mL

CTAB (g)

0.80

0.22

0.22

0.22

Initiator

H2O, 1 mL

H2O, 1 mL

H2O, 1 mL

Acetone, 38 mL

255.5 ± 14.8

414.6 ± 24.0

205.3 ± 11.9

187.8 ± 10.9

0.60 ± 0.02

0.74 ± 0.01

0.66 ± 0.05

8.14 ± 2.74

BET surface area
2

(m /g)

(a)

Pd loading (%) (b)
(a)

The standard deviation of BET surface area is found to be 5.8%.

(b)

Obtained by ICP-MS. Three runs are taken for each sample to obtain the standard deviation.
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As shown in Table 4.3, the isomerization selectivity mainly correlates to the pore size of
TiO2 film. In the case of TiO2 encapsulating films with small pores (1.8 – 5.0 nm), a selectivity
of ~75% is achieved. Increasing the pore size gradually lowers the selectivity, so that it is lower
than 50% when the pore size goes up to 25 nm. The isomerization of 1-hexene to 2-hexene has
been proposed to proceed through a Horiuti-Polanyi mechanism, which involves hydrogenation of
the terminal carbon followed by dehydrogenation of the carbon at the C3 position; this latter
reaction competes with the hydrogenation pathway, in which H is added at the C2 position.104 It
has been proposed previously that surface crowding significantly suppresses olefin hydrogenation,
while having a smaller effect on isomerization.104 Also, contiguous Pd sites are proposed to be
responsible for olefin hydrogenation, and these sites are expected to be less abundant on a crowded
surface.105,106

Table 4.3. Selectivity towards isomerization during hydrogenation/isomerization of 1-hexene over
inverted Pd@TiO2 catalysts with different pore sizes. Pd NPs size are kept constant for all catalysts.
EtOH-H2OSample Name

EtOH-H2O

IPA-H2O

EtOH-Acetone

1.8-3.8

2.1-5.0

2.6-13.7

2.1-25

75.4 ± 1.2

75.6 ± 1.3

67.2 ± 1.6

47.8 ± 4.3

Pd NP size, nm (b)

2.0 ± 0.7

2.0 ± 0.5

2.0 ± 0.6

2.0 ± 0.4

Pd loading, % (c)

0.60 ± 0.02

0.74 ± 0.01

0.66 ± 0.05

8.14 ± 2.74

TiO2 crystallinity

Amorphous

Amorphous

Anatase

Amorphous

0.8CTAB
Pore size range,
nm (a)
Selectivity towards
isomerization, %
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Conversion, %

15.3 ± 2.5

19.9 ± 4.6

19.7 ± 0.5

20.0 ± 0.4

0.064 ± 0.008

0.193 ± 0.040

0.149 ± 0.016

0.019 ± 0.006

Activity, moles
converted/g of Pd,
s-1
(a)

Obtained using N2 physisorption.

(b)

From TEM analysis.

(c)

Obtained using ICP-MS. Three

runs were taken for each sample to obtain the standard deviation.

Given the controlled size of Pd NPs for these Pd@TiO2 catalysts (~2 nm), it suggests that
the observed changes in isomerization selectivity are due in part to disruption/segregation of
contiguous arrays of Pd atoms (“ensembles”) by the surface coating. This surface crowding effect
may be a result of the porous TiO2, where TiO2 films with smaller pores tend to cause a greater
degree of crowding at the Pd surface and suppression of C=C hydrogenation. Previously, it has
been found that porous TiO2 shells selectively suppressed the reaction rates for processes
associated with large ensemble requirements (such as furfural decarbonylation and styrene
hydrogenation), and that this suppression is most significant at the smallest TiO2 pore sizes27.
However, it is not clear how the pore size or structure within the shell is related to crowding at the
interface. It is important to note that the support structure itself (and not just the encapsulated
nature of the Pd nanoparticles) of the samples with smaller pores appeared to contribute to the
higher selectivity.

Table 4.4. Selectivity towards isomerization during hydrogenation/isomerization of 1-hexene over
the control catalysts (Pd NPs synthesized the exact same way as in the encapsulated systems
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supported on sol-gel synthesized TiO2) prepared via impregnation, along with the selectivity over
conventional impregnated Pd/TiO2 (P25) catalyst.
EtOHEtOHEtOHH2OSample Name

EtOH-

H2O

Acetone

Control

Control

No

IPA-H2O
H2O

0.8CTAB

Pd/TiO2 (P25)

Control
Control

Impregnation

Control
ligands
Selectivity
68.4 ±

67.0 ±

towards

59.5 ±

66.8 ±

2.8

1.1

69.5 ± 2.6

57.7 ± 1.4

0.3

0.7

2.0 ± 0.7

2.0 ± 0.5

2.0 ± 0.6

2.0 ± 0.4

2.0 ± 0.7

0.81 ±

0.68 ±

0.44 ±

8.46 ±

1.29 ±

0.10

0.08

0.07

5.85

0.19

16.4 ±

12.5 ±

16.0 ±

11.8 ±

1.0

1.8

1.2

1.2

0.252 ±

0.230 ±

0.005 ±

0.223 ±

isomerization, %
Pd NP size, nm
N/A

(a)

Pd loading, % (b)

1.70 ± 0.14

Conversion, %

20.2 ± 1.1

14.8 ± 1.3

Activity, moles
0.296 ±

converted/g of

0.020 ± 0.002
0.022

0.018

0.020

0.002

0.025

Pd, s-1
(a)

Obtained using N2 physisorption.

(b)

Obtained using ICP-MS. Three runs were taken for each

sample to obtain the standard deviation.
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As shown in Table 4.4, when Pd NPs (synthesized the same way as the “inverted” systems
with the same amount of surface ligands/surfactant) are dispersed on a separately synthesized
porous TiO2 support (so that they are not encapsulated), a somewhat weaker pore size dependence
on selectivity is observed; that is, the use of small-pore TiO2 as a support, rather than as an
encapsulant, also results in higher selectivity, but it is significantly lower than that observed for
the corresponding “inverted” samples. When compared to a conventional impregnated Pd/TiO2
(P25) catalyst (Table 4.4), inverted Pd@TiO2 catalysts in general exhibits higher activity (moles
converted/g of Pd, s-1) and selectivity towards isomerization. This is potentially due to the limited
control over particle size distribution in the case of impregnated catalyst, and the enhanced
selectivity effect induced by the oxide shell in the case of inverted Pd@TiO2 structures.
Changes in pore size are also accompanied by other changes that complicate the
interpretation of results. For example, the wider-pore EtOH-acetone shell has a much higher metal
loading. The reason for this is that when acetone is used in the synthesis to initiate hydrolysis, it
leads to very slow hydrolysis and condensation rates consequently resulting in low yields of
gelation with most of the Ti precursor remaining in the sol phase (details discussed in Section
3.4.3). This consequently results in less TiO2 film per total amount of Pd NPs, thus higher Pd
loading. Although metal loading itself is not generally expected to influence selectivity during 1hexene reaction as long as the Pd particle sizes are uniform, loading-related differences in Pd-TiO2
interfacial microstructure cannot be ruled out. Furthermore, the use of encapsulating shells in
some cases results in lower apparent activity for the reaction (e.g., for EtOH-H2O-0.8CTAB),
suggesting that the number of available active sites per Pd mass (and not just their structure) may
be influenced by the preparation method. This is confirmed by testing the heat-treated sample of
EtOH-H2O-0.8CTAB, which leads to an enhancement in chemical rates due to the removal of
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excess CTAB trapped in the oxide shell structure that blocked pathways to the catalytically active
sites (Table 4.5). It should be noted that the activity and selectivity for hydroisomerization of 1hexene does not appear to be affected by the ligands on Pd, since similar activity and selectivity
are observed after heat treatment to remove the ligands (Table 4.4, “EtOH-H2O Control no
ligands”). However, further studies of how shell structure is related to the kinetics of different
types of elementary steps are needed to unravel the complex relationship between active site
structure and catalyst performance.

Table 4.5. Selectivity toward isomerization during hydrogenation/isomerization of 1-hexene over
EtOH-H2O and EtOH-H2O-0.8CTAB catalyst before and after heat treatment.
EtOH-H2O
EtOH-H2O

after

EtOH-H2Oheat

EtOH-H2O0.8CTAB after

0.8CTAB
treatment

heat treatment

BET surface area, m2/g (a)

414.6 ± 24.0

284.7 ± 16.5

255.5 ± 14.8

379.6 ± 22.0

Conversion, %

6.7 ± 0.1

1.4 ± 0.2

6.2 ± 0.2

22.0 ± 0.8

Activity, moles converted/g of
0.192 ± 0.044 0.041 ± 0.004 0.063 ± 0.008 0.225 ± 0.008

Pd, s-1
Selectivity

towards
74.4 ± 0.7

70.3 ± 0.7

74.2 ± 0.3

78.2 ± 0.1

isomerization, %
(a)

Obtained using N2 physisorption. The standard deviation of BET surface area was found to be

5.8%.
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Chapter 5. Controlling the 3D Environment of Catalytic Metal Sites via Surface Ligands
5.1 Summary
This chapter details the second approach proposed in designing improved heterogenous
catalysts through tuning the 3D environment of metal sites using surface bound ligands. Two
probe systems are used as examples to illustrate the concept. The first probe system is prepared
by depositing a layer of phosphonic acids on Al2O3 support to create Bronsted acidity at the
interface between the phosphonate-coated Al2O3 and supported Pt NPs. The catalytic performance
of prepared catalysts is evaluated for HDO reaction of furfural alcohol. It is found that the
selectivity and activity is greatly enhanced in the case of acid modified catalyst. The acid strength
is tuned by the molecular structure of the organic ligands and significantly affected the catalytic
performance.
The second example involved tuning the active sites on Pd NPs by the use of surface bound
ligands. Pd NPs capped with different ligands (including TOP, OA, CTAB, HHDMA, PEG, and
MSA) are prepared using two different methods: (i) direct solution-based synthesis, and (ii) surface
ligand exchange processes from pre-synthesized Pd NPs capped with HHDMA. The obtained Pd
NPs capped with different ligands are supported on activated carbon or synthesized high surface
area TiO2. This chapter concludes with the evaluation of the catalytic performance of the prepared
catalysts for the direct synthesis of H2O2 reaction.
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5.2 Supported Pt NPs on Phosphonate-Coated Al2O3 for HDO Reactions of Biomass Derived
Oxygenates
This section details the first probe system used to illustrate the concept of tuning the 3D
environment of metal sites through surface bound ligands. In this system, a monolayer-protected
cluster-based approach107,108 is utilized to deposit organic films onto the support of supported metal
catalyst systems. Phosphonic acids (PAs), which have been used to produce organic monolayers
on a variety of metal oxides109,110 are deposited onto Al2O3, to create a metal–organic interface
without ligand attachment to the metal particles (Pt NPs).
For simplicity, methylphosphonic acid (MPA) is first chosen as a representative of the PAs.
To verify the bound of MPA to the Al2O3 support but not to Pt, EDXS coupled with STEM
characterization is conducted for the prepared MPA deposited on 5% Pt/Al2O3 catalyst. As shown
in Figure 5.1, the signal of P K (corresponding to MPA) majorly overlaps with the signal of Al K
(corresponding to the Al2O3 support), other than the signal of Pt L and Pt M (corresponding to the
Pt particle). It is also necessary to point out that the major P peak (P K, 2.013 keV) is located close
to one of the Pt peaks (Pt M, 2.048 keV). Thus, a peak deconvolution analysis of the EDXS signals
is conducted as shown in Figure 5.2. EDXS analysis is performed in two areas on the MPA treated
Pt NPs supported on Al2O3 catalyst: area 1 on the Pt NP and area 2 on the Al2O3. The integrated
EDXS spectrum collected from area 2 (Figure 5.2 b) shows that negligible P is present on the Pt
NP, which further supports the result from elemental mapping shown in Figure 5.1.
FTIR spectra for supported Pt NPs on Al2O3 catalysts before and after treatment with MPA
confirms the deposition of phosphonic acid (peaks of C-H stretching around 2900 cm-1); and
DRIFT characterization after pyridine adsorption indicates that Bronsted acid sites are introduced
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to the catalyst after treatment with MPA (signature pyridinium ion peak around 1540 cm-1), as
shown in Figure 5.3.

Figure 5.1. STEM ADF image and STEM-EDXS elemental mapping of 5% Pt/Al2O3 after MPA
deposition; for EDXS, signals corresponding to the K shell for Al and P, and both the L and M
shells for Pt are shown.
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Figure 5.2. (a) STEM BF image of the Pt NPs supported on Al2O3 catalyst after MPA treatment,
(b) integrated EDXS raw spectrum from area 1 on the Pt NP, (c) integrated EDXS raw spectrum
of area 2 on the Al2O3 support, and (d) areas under the curve of P, Pt and Al peaks calculated using
ZAF factors.

Figure 5.3. FTIR spectrum and DRIFTS spectrum after pyridine adsorption for 5%Pt/Al2O3 with
and without MPA deposition.
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The MPA modified 5% Pt/Al2O3 catalyst is evaluated for HDO of benzyl alcohol and
furfural alcohol, reactions that have been proposed to be catalyzed by bifunctional sites111. The
reaction pathways for HDO of benzyl alcohol and furfural alcohol have been shown previously in
Figure 4.1. Three control catalysts are tested along with the MPA modified 5% Pt/Al2O3 catalyst,
including non-modified 5% Pt/Al2O3, H3PO4 modified 5% Pt/Al2O3, and H3PO3 modified 5%
Pt/Al2O3.
As shown in Figure 5.4 b and c, modification with MPA improved both the HDO
selectivity and reaction rate by a large factor. The enhancements in catalyst performance is
attributed to acid sites on the catalyst introduced by PA modification, which is also observed in
the case of catalysts modified with mineral acids (i.e., phosphoric acid (H3PO4) and phosphorous
acid (H3PO3)), when the PA “head” group varies. Although the deposition of H3PO4 and H3PO3
dramatically improves the HDO selectivity (Figure 5.4 a and d), the mineral acids also lead to
rapid catalyst deactivation (Figure 5.4 b and e, respectively). In contrast, the MPA coating offers
an improvement in initial HDO activity and selectivity without suffering from a faster rate of
deactivation. To investigate the deactivation mechanism, in situ DRIFTS experiments are utilized
to characterize Pt based catalysts after 108 min of catalytic conversion of benzyl alcohol under the
same conditions as the gas phase reactions. The intensity of C-H signals increases much more
rapidly when using H3PO4/5%Pt/Al2O3 compared to MPA/5%Pt/Al2O3 and 5%Pt/Al2O3 as shown
in Figure 5.4 c, which represents carbonaceous deposits. This rapid coking process is potentially
caused by condensation and/or oligomerization of the aromatic alcohols which tends to be
facilitated by strong Brønsted acid sites109,110,112.
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Figure 5.4. (a) Toluene selectivity and (b) turnover frequency (TOF) with time on stream during
catalytic conversion of benzyl alcohol using 5%Pt/Al2O3 with and without modification. (c) In situ
DRIFTS for Pt based catalysts after 108 min of catalytic conversion of benzyl alcohol (the signal
normalized using background intensity for each measurement). (d) 2-Methyl furan selectivity and
(e) TOF with time on stream during catalytic conversion of furfuryl alcohol using 5%Pd/Al2O3
with and without acid treatment. Colors in the figures: catalyst without acid treatment (black) and
catalysts treated by methylphosphonic acid (red), phosphoric acid (blue) and phosphorous acid
(yellow).

As discussed above, the organic tails on phosphonic acids provide the opportunity to reach
a balance between the HDO selectivity/rate and resistance to deactivation.

Therefore, the

supported metal catalysts are modified by phosphonic acids with different organic tails, including
chloromethylphosphonic (ClMPA), bromomethylphosphonic acid (BrMPA), 4-chlorophenyl
phosphonic acid (ClPNPA), 4-bromobenzyl phosphonic acid (BrBZPA), and 3-bromopropyl
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phosphonic acid (BrPPA). These catalysts are tested in HDO of benzyl alcohol and furfural
alcohol under the same condition as MPA modified 5% Pt/Al2O3 catalyst. The Brønsted acid
strength for each catalyst is evaluated using DRIFTS analysis by the temperature of pyridinium
desorption. As summarized in Figure 5.5, as the Brønsted acid strength increases, the selective
toward toluene and methyl furan increases. However, the stability of the catalysts suffers in the
case of the H3PO4 and H3PO3. The optimized performance between selectivity and stability is
achieved when the head group is halogen atom substituted methyl or phenyl.

Figure 5.5. Correlation of HDO selectivity and catalyst stability with the Brønsted acid strength
during catalytic conversion of (a) benzyl alcohol and (b) furfuryl alcohol. (c) Structure of PA or
mineral acid deposited on metal catalyst corresponding to the numbers in a and b.

It can be concluded that Brønsted acid sites at the interface of the supported metal and
organophosphonic acid coated Al2O3 are successfully introduced via SAMs method. The synergy
between different sites constructs an interface that markedly improves activity and selectivity for
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HDO of biomass derived oxygenates. Controlling the molecular structures of the organic ligands
manipulates the strength of the Brønsted acid sites to achieve a balance between activity,
selectivity and stability. This study successfully demonstrates the concept of tuning the 3D
environment of metal sites through surface bound ligands at metal/metal oxide interfaces.
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5.3 Ligand Capped Pd NPs Supported Catalysts for Low Temperature H2O2 Synthesis
This section details the example of tuning the active sites on Pd NPs by the use of different
surface bound ligands to enhance the catalytic performance in low temperature H2O2 synthesis
reaction. Two different methods are utilized in preparing supported catalysts of Pd NPs capped
with different ligands: (i) direct solution-based synthesis, and (ii) surface ligand exchange
processes from pre-synthesized Pd NPs capped with HHDMA. In each method, the obtained Pd
NPs capped with different ligands are supported on activated carbon or synthesized high surface
area TiO2. Their catalytic activity is discussed in detail in Section 5.3.1 and 5.3.2 respectively.

5.3.1 Direct synthesis of Pd NPs capped with different ligands
Pd NPs capped with TOP/OA (labeled as Pd-TOP/OA), CTAB, PEG, and HHDMA are
synthesized as detailed in Section 2.3. The NPs are first characterized using TEM as shown in
Figure 5.6. In the case when CTAB, PEG, and HHDMA are used as surface ligands during
synthesis, very small Pd particles (~ 1 nm) are obtained (Figure 5.6 b, c, and d, respectively) as
compared to the case when TOP and OA are used as surface ligands (Figure 5.6 a). One of the
potential reasons for this could stem from the higher synthesis reaction temperature in the case of
TOP/OA, which would lead to faster particle growth and limited control on the particle size. FTIRATR analysis is conducted to verify the surface bound ligands for the synthesized Pd NPs. The
presence of TOP and OA ligands on the surface of Pd NPs has been demonstrated in Section 3.2
as shown in Figure 3.3 a. Figure 5.7, 5.8, and 5.9 represent the results from FTIR-ATR analysis
for Pd NPs capped with CTAB (labeled as Pd-CTAB), Pd NPs capped with PEG (labeled as PdPEG), and Pd NPs capped with HHDMA (labeled as Pd-HHDMA), respectively.
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Figure 5.6. Pd NPs synthesized directly capped with (a) TOP/OA, (b) CTAB, (c) PEG, and (d)
HHDMA ligands.
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Figure 5.7. FTIR-ATR spectra of synthesized Pd-CTAB as compared to CTAB solution with the
peaks labeled according to the features in the structure.

Figure 5.8. FTIR-ATR spectra of synthesized Pd-PEG as compared to PEG solution with the
peaks labeled according to the features in the structure.
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Figure 5.9. FTIR-ATR spectra of synthesized Pd-HHDMA as compared to HHDMA solution with
the peaks labeled according to the features in the structure.

These Pd NPs capped with different ligands are supported on activate carbon or synthesized
high surface area TiO2 as detailed in Section 2.3.6. The supported catalysts are evaluated in low
temperature H2O2 synthesis. The experiment details are described in Section 2.4.6. As listed in
Table 5.1, the synthesized Pd-HHDMA supported on activate carbon catalyst exhibits the best
activity and selectivity toward H2O2 consistent with literature report42. However, no obvious trend
is observed as a function of ligand type. One of the potential reasons for this could stem from
artifacts due to the differences in the Pd NP geometry induced by the varied synthesis approaches
used as a function of the ligands. To eliminate this artifact, a surface ligand exchange approach is
implemented in exchanging HHDMA from pre-synthesized Pd-HHDMA to various ligands.
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Table 5.1. Catalytic performance of Pd NPs obtained from direct synthesis with different ligands
supported on activate carbon or synthesized TiO2 toward low temperature H2O2 synthesis.
Pd loading
Sample Name

rH2O2
-1

XH2

SH2O2

(%)

(%)

-

by ICP-MS

(mol h gPd

(wt%)

1

0.17 ± 0.01

0

0

0

0.19 ± 0.02

0

23

0

Pd-PEG supported on TiO2

0.19 ± 0.01

12.3

26

35

Pd-PEG supported on activate carbon

0.26 ± 0.02

0

0

0

Pd-CTAB supported on TiO2

0.20 ± 0.03

0

9

0

Pd-CTAB supported on activate carbon

0.66 ± 0.23

0

5.5

0

Pd-HHDMA supported on TiO2

0.11 ± 0.01

11.2

9.1

42

Pd-HHDMA supported on activate carbon

0.35 ± 0.22

12.8

9.7

79.8

0.62

8.1

12.2

80.2

Pd-TOP/OA supported on TiO2
Pd-TOP/OA

supported

on

)

activate

carbon

NanoSelect (a)
(a)

Literature value from reference 42.

5.3.2 Ligand exchange of Pd NPs capped with HHDMA
The experimental detail of synthesizing Pd-HHDMA particles and the ligand exchange
processes for different ligands is discussed in Section 2.3. FTIR-ATR characterization for all the
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ligand exchanged Pd NPs is utilized to verify the successful ligand exchange processes. The results
are presented in detail in Figures 5.10, 5.11, 5.12, 5.13, 5.14 for Pd-HHDMA to CTAB, PEG,
TOP, OA, and MSA, respectively. It is noted that the FTIR-ATR spectrum of Pd NPs after ligand
exchange from HHDAM to TOP is not sufficient to evidence the presence of TOP after exchange
process due to the fact that hexane and TOP exhibit similar -C-H- stretches. Thus, the observation
of particles transferring from water layer to hexane layer is used to determine the success of the
ligand exchange process because of the hydrophilic nature of HHDMA and hydrophobic nature of
TOP. All the ligand exchanged Pd NPs are supported on activate carbon or synthesized high
surface area TiO2 and tested for low temperature H2O2 synthesis using the same reaction conditions.
To distinguish with the direct synthesized Pd NPs, the ligand exchanged particles is labeled with
an “LE” at the end as shown in Table 5.2.
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Figure 5.10. FTIR-ATR spectra of synthesized Pd-HHDMA before and after ligand exchange to
CTAB as compared to HHDMA solution and CTAB solution with the peaks labeled according to
the feature in the structure.
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Figure 5.11. FTIR-ATR spectra of synthesized Pd-HHDMA before and after ligand exchange to
PEG as compared to HHDMA solution, PEG solution, and previously synthesized Pd-PEG NPs
with the peaks labeled according to the feature in the structure.

Figure 5.12. (a) FTIR-ATR spectra of synthesized Pd-HHDMA before and after ligand exchange
to TOP as compared to TOPO as standard and hexane background, and (b) observation of NPs
moving from water layer to hexane layer, which confirms the successful ligand exchange process.
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Figure 5.13. FTIR-ATR spectra of synthesized Pd-HHDMA before and after ligand exchange to
OA as compared to HHDMA solution, OA, and hexane with the peaks labeled according to the
feature in the structure.
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Figure 5.14. FTIR-ATR spectra of synthesized Pd-HHDMA before and after ligand exchange to
MSA as compared to HHDMA solution, and MSA powder with the peaks labeled according to the
feature in the structure.

Table 5.2. Catalytic performance of ligand exchanged Pd NPs supported on activate carbon or
synthesized TiO2 toward low temperature H2O2 synthesis.

Sample Name

NanoSelect (a)
Pd-HHDMA

supported

on

Pd loading

rH2O2

by ICP

(mol h-1

(wt%)

gPd-1)

0.62

0.17

XH2

SH2O2

(%)

(%)

8.1

12.2

80.2

12.8

9.7

79.8

activated

carbon
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Pd-HHDMA supported on synthesized
0.19

11.2

9.1

42

0.17

0.6

2.1

15.9

0.24

0.5

5.3

6.3

0.08

15.4

9.0

77.2

0.10

11.4

12.0

52

Pd-OA-LE supported on activated carbon

0.14

4.5

6.4

26.4

Pd-OA-LE supported on synthesized TiO2

0.18

7.6

13

34.7

0.07

7.7

11.6

15.4

0.08

10.1

12.6

17.1

0.08

12.1

11.5

55.3

0.10

5.0

10.5

16.9

TiO2
Pd-CTAB-LE supported on activated
carbon
Pd-CTAB-LE supported on synthesized
TiO2
Pd-PEG-LE

supported

on

activated

carbon
Pd-PEG-LE supported on synthesized
TiO2

Pd-TOP-LE

supported

on

activated

carbon
Pd-TOP-LE supported on synthesized
TiO2
Pd-MSA-LE

supported

on

activated

carbon
Pd-MSA-LE supported on synthesized
TiO2
(a)

Literature value from reference 42.
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From the results listed in Table 5.2, the following conclusions can be drawn: (i) for the
catalyst prepared via ligand exchanged Pd NPs, the type of support affects the H 2O2 production
rate directly, in which activated carbon exhibits higher rate compared to TiO2 as a support
regardless of the type of surface ligand; and (ii) the highest catalyst performance is obtained for
Pd NPS capped with HHDMA, PEG, and MSA, supported on activated carbon. The reason for
the lower selectivity in the case of the Pd NPs supported TiO2 could stem from the favored,
undesired decomposition of H2O2 on the TiO2 support50,113,114. The reason for the high selectivity
exhibited by Pd-HHDMA NPs on carbon has been previous linked to42: (i) the steric hinderance
induced by the long chain of the ligand, and (ii) the strong absorbance of H2PO4- on the Pd NPs
surface eliminating the side reactions. However, these factors are debatable given the high
performance of the other ligands (Table 5.2), such as PEG and MSA, which have different chain
lengths and counter ions to HHDMA. Furthermore, CTAB possesses a similar long alkyl chain
structure to HHDMA, however exhibits poor activity and selectivity. Moreover, PEG shows
similar performance compared to HHDMA, however this ligand retains neither the H2PO4functionality nor the similarity in the alkyl chain, as shown in Figure 5.15. Furthermore, MSA
which is a strong bounded ligand with different chain length and binding mechanism to the surface
as compared to HHDMA exhibits promising catalytic performance. The main commonality
between the best performing ligands (HHDAM, PEG and MSA) as shown in Figure 5.15, relates
to the hydroxyl (OH) functionality in the structure. It is suggested in the literature that the direct
synthesis of H2O2 on Pd proceeds via O2 adsorption followed by two subsequent hydrogenation
steps leading to an hydroperoxyl (OOH) and to H2O2.115–117 The OH functionality of the ligands
is hypothesized to affect the energetics of this process by favoring hydrogenation of OOH to H2O2
and desorption of H2O2, as opposed to H2O2 over-hydrogenation and decomposition pathways.
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However, to confirm this hypothesis, further experiments, characterizations and molecular
modeling are necessary to provide insights on the energetics of the different reaction pathways on
the ligand modified Pd and naked Pd surfaces.

Figure 5.15. Structures of HHDMA, PEG, and MSA molecules along with their molecular weight.

To conclude, the ligand exchange method provides an approach of eliminating NP
geometric artifacts induced during NP synthesis using various ligands. The catalytic activity of
supported Pd NPs is significantly impacted by the type of the supports and the nature of the ligands
on the surface. In general, surface ligands with hydroxyl functionality are found to induce
enhanced performance (activity/selectivity to H2O2 production) by favoring H2O2 formation and
desorption, as opposed to H2O2 over-hydrogenation and decomposition pathways.
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Chapter 6. General Conclusions and Future Work
6.1 Summary
This thesis focuses on developing high performance heterogeneous catalytic structures for
chemical and fuel production processes. This thesis work proposes to achieve enhanced catalytic
performance by tuning the 3D environment of catalytically active sites. Two approaches toward
development of enhanced catalytic structures are demonstrated. Detailed catalysts fabrication
along with characterization and catalyst testing are used to demonstrate the concept. In this chapter,
major conclusions from the work in this thesis are summarized and future directions in this
research area are devised.
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6.2 General Conclusions
In this thesis, two approaches for improving the performance (activity, selectivity and
stability) of heterogenous catalysts are demonstrated. The first approach involves tuning the 3D
environment of active sites via the construction of the “inverted” structures, where metal core NPs
are coated with a porous oxide layer.

“Inverted” Pd@TiO2 structures and their catalytic

performance for HDO of biomass-derived oxygenates are used to demonstrate the feasibility of
this approach. The main conclusions derived from this work are:
•

A facile, room-temperature method for synthesizing inverted Pd@TiO2 catalyst is
reported to provide control over the oxide film and NPs structure. This approach
circumvents the high temperature treatment that is notorious for resulting in strong
metal support interactions, which can significantly affect the concentration of metal
active sites for catalysis.

•

“Inverted” Pd@TiO2 structures with different porosity and crystal structure of the
TiO2 film are synthesized by tuning synthesis parameters, such as solvent, nature
of the hydrolysis initiator, pH, and the amount of interfacial surfactant on the Pd
NPs.

•

The largest effects in the TiO2 film synthesis are observed from the solvent, the
nature of hydrolysis initiator, and the pH; parameters that significantly impact the
hydrolysis and condensation rates.

•

The “inverted” catalyst exhibits significant enhancement in HDO selectivity of
aromatic alcohols/aldehydes, while maintaining high catalytic activity, due to the
extent of interaction between the metal and metal oxide, and favorable adsorption
orientations of the aromatics on the active sites induced by the pores.
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•

Catalytic activity of the “inverted” structures synthesized using varied parameters
is evaluated using hydroisomerization of 1-hexene; the main effects on
enhancement of selectivity are obtained from the pore structure of the TiO2 film
with the smallest pores lead to the highest selectivity, potentially because they
facilitated a greater degree of crowding at the Pd surface, consequently suppressing
C=C hydrogenation.

The second approach involves tuning the 3D environment of metal sites through the surface
bound ligands. Two examples are utilized to illustrate this concept. One involves employing
organic acid layers on the metal oxide support to create Bronsted acid sites at the interface of Pt
and Al2O3 to achieve better activity and selectivity for HDO of biomass-derived oxygenates. The
other is employing different surface ligands on Pd NPs to enhance catalytic performance for low
temperature H2O2 synthesis. The main conclusions derived from this work are:
•

A method of using organophosphonic acid monolayers is used to introduce
Brønsted acid sites at the interface of supported metal catalysts with minimal
blockage of metal active sites. The organic-modified catalyst exhibits markedly
improved activity and selectivity for HDO of biomass-derived oxygenates.

•

Controlling the molecular structure of the organic ligands can manipulate the
strength of the Brønsted acid sites to achieve a balance between activity, selectivity
and stability.

•

A ligand exchange method is proposed to vary the type of ligands bound to the
surface of Pd NPs, which eliminates artifacts in the particle architecture induced by
synthesis approaches using various ligands.

The catalytic performance of

supported Pd NPs with various surface bound ligands is evaluated using low
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temperature H2O2 synthesis reaction. Surface ligands with hydroxyl functionality
are found to induce enhanced performance (activity/selectivity to H2O2 production)
by favoring H2O2 formation and desorption, as opposed to H2O2 overhydrogenation and decomposition pathways.
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6.3 Future Work
In the first proposed approach to develop enhanced catalytic structures, the “inverted”
catalytic systems are synthesized by a modified solution method. One of the novelties of this
synthesis method is the potential to achieve different “inverted” systems for other applications.
One direction of the future work is to change the core metal NPs (from Pd to Pt, Ni, Co…) and the
porous metal oxide shell (from TiO2 to CeO2, ZrO2…) of these “inverted” structures for utilization
in different catalytic reactions. Furthermore, the complexity of the “inverted” systems, provides
significant challenges with probing the interfaces between the metal core and oxides shell,
necessary for proper design of these structures. Therefore, future work should involve advanced
characterization techniques, such as x-ray absorption spectroscopy (XAS)118 and x-ray
photoelectron spectroscopy (XPS)119, couples with controlled synthesis of the inverted catalytic
structures to develop a methodology to probe the interface of these complex catalytic systems with
buried interfaces. Another approach to enhance the understanding of the “inverted” structures is
to detect molecule diffusivity in the pores. In-situ dynamic behavior study of catalytic processes
under confined nanopores at the single-molecule and single-particle level is utilized to reveal the
heterogeneity of the confined environment in the nanopores.120
In the second proposed approach, surface ligands are utilized to tune the environment of
active sites. However, one of the challenges is to determine the surface crowding of the ligands.
One way to eliminate this artifact in evaluating the catalytic performance is to quantify the amount
of ligand. Due to the low concentration of the ligands, ICP techniques is not suitable for this
characterization, especially in the case of ligands usually consisting of C, N, P, Br elements. Some
potential ways to consider for future work to quantify surface bound ligands are suggested by
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literature121, include nuclear magnetic resonance (NMR) spectroscopy and thermogravimetric
analysis (TGA).
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Abstract
CONTROLLING THE THREE-DIMENSIONAL ENVIRONMENT OF CATALYTIC
ACTIVE SITES FOR SELECTIVE HETEROGENEOUS CATALYSIS

by
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Degree: Doctor of Philosophy

This thesis focuses on developing high performance heterogeneous catalytic structures for
chemical and fuel production processes. This thesis work proposes to achieve enhanced catalytic
performance by tuning the 3D environment of catalytically active sites. Two approaches toward
development of enhanced catalytic structures are demonstrated.
The first approach involves tuning the 3D environment of active sites via the construction
of the “inverted” structures, where metal core NPs are coated with a porous oxide layer. A facile,
room-temperature method is utilized to synthesize the probe system, inverted Pd@TiO2 catalyst,
with control over the oxide film and NPs structure. The “inverted” structures with different
porosity and crystal structure of the TiO2 film are synthesized by tuning synthesis parameters, such
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as solvent, nature of the hydrolysis initiator, pH, and the amount of interfacial surfactant on the Pd
NPs. The “inverted” catalyst exhibits significant enhancement in HDO selectivity of aromatic
alcohols/aldehydes, while maintaining high catalytic activity, due to the extent of interaction
between the metal and metal oxide, and favorable adsorption orientations of the aromatics on the
active sites induced by the pores.
The second approach involves tuning the 3D environment of metal sites through the surface
bound ligands. Two examples are utilized to illustrate this concept. One involves employing
organic acid layers on the support (Al2O3) to create Bronsted acid sites at the interface of Pt and
acid coated Al2O3 to achieve better activity and selectivity for HDO of biomass-derived
oxygenates. Controlling the molecular structure of the organic ligands can manipulate the strength
of the Brønsted acid sites to achieve a balance between activity, selectivity and stability. The other
example is employing different surface ligands on Pd NPs to enhance catalytic performance for
low temperature H2O2 synthesis. A ligand exchange method is proposed to vary the type of ligands
bound to the surface of Pd NPs, which eliminates artifacts in the particle architecture induced by
synthesis approaches using various ligands. Surface ligands with hydroxyl functionality are found
to induce enhanced performance (activity/selectivity to H2O2 production) by favoring H2O2
formation and desorption, as opposed to H2O2 over-hydrogenation and decomposition pathways.
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